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PAR PHOUAKE- RESISTANCE OF ELEVATED 
WATER-TANKS 


By ARTHUR C. RUGE,! Assoc. M. AM. Soc. C. E. 


SyNopsis 


The problem of building elevated tank structures that are truly earth- 


- quake-resistant is considered in detail; and a new type of construction, 


embodying increased flexibility combined with snubbing action, is suggested 


as a practical solution. Extensive model studies, directed toward obtaining 


engineering data for design purposes, are described and the results summa- 


rized. The writer concludes that the commonly used statical method of 
design against earthquakes cannot be applied safely to elevated tank 
structures, and that the suggested new type of construction has a safety 
factor in stress of at least 2 over the standard type of tower. Experiments 
in which reproductions of actual earthquake motions were applied to a model 
of a 60 000-gal, 100-ft structure show that dangerous stresses are not 
avoided by designing against a statical horizontal force of one-tenth the 


weight of the tank and contents. Rules are given for designing structures 


of the new type suggested, and reasonable limits of applicability are set. 


INTRODUCTION 
Purpose of Paper.—Consideration of the large number of failures and 
near failures of elevated water-tanks during the earthquake of March 10, 
1933, at Long Beach, Calif., has led to serious study of the earthquake 
resistance of these structures by many engineers. The importance of the 


problem is already so well known as to require but passing comment. The 


Pia et Oe sp 


actual money value of the structures is in itself not so very important; 


- it is in connection with the fire, life, and health hazards generally accom- 


panying earthquakes that the effective value of a water supply system 


increases out of all proportion to its actual cost. 
A very important class of elevated tank structures is that comprising 
the gravity sprinkler-supply systems for industrial plants and for many 


Nore.—Discussion on this paper will be closed in September, 1937, Proceedings. 
/ 4Research Associate in Seismology, Dept., Civ. and San. Eng., Mass. Inst. Tech., 
Cambridge, Mass. 
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other buildings of moderate height. Elevated sprinkler tanks generally: 
vary in capacity from 50 000 gal to 150 000 gal and in height from 75 ft! 
to 150 ft. This paper is largely concerned with structures that vary within! 
these ranges of size, but more specifically with independent tank structures : 
of all-steel construction. Some of the resuts, however, obviously apply also: 
to structures of reinforced concrete, wood, or mixed construction. 

The purpose of this paper is to present the principal results of ani 
extended series of model studies which were directed toward: (1) The: 
determination of the stresses produced in -elevated water-tank structures by; 
earthquake motions; (2) the determination of the effect of, strengthening: 
the structures by present methods of statical design; and (8) the investiga-- 
tion of a new type of tower design which was developed in the course of the: 
research. That the experiments described herein were restricted to a small! 
part of a very large and important field will be obvious to the reader. 
Without a comparatively large fund at hand for the work, practical results; 
could be obtained only by narrowing the range of the research. 

Nature of the Problem—At first glance, the design of an earthquake-- 
resistant elevated water-tank seems to be a simple engineering problem. It! 
is not uncommon to find practical engineers reasoning that, since compe-: 
tent engineers can design buildings of six or eight stories to resistt 
moderate earthquakes with considerable confidence, the design of a water-- 
tank tower should present no difficulty, since it is a much simpler structure: 
and of a mass far inferior to that of a building. This kind of reasoning,; 
unfortunately, is the result of a misconception to the effect that a relatively; 
limber, top-heavy structure such as an elevated tank will behave dynamically; 
like a low, rigid building. Indeed, the practical treatment of earthquake-- 
resistant design from the standpoint of dynamics has been, for the most’ 
part, of a very superficial nature in the past. The tendency has been to: 
simplify the design methods on the basis of intuition without first attempt-: 
ing a rigorous analysis. 

First, it is important to realize that earthquakes manifest themselves asi 
inexorable motions, rather than as forces. The expression, “earthquake; 
force”, has become so widely used that many engineers conceive of the: 
problem of quake-proof design as*’one of simple stress analysis in which! 
the “forces” are determined definitely by the violence of the earthquake alone.: 
The “forces” produced by the earthquake motion depend primarily upon the: 
characteristics of the structure suffering the motion. Various frequencies,; 
or periods, are associated with the inexorable motions of an earthquake, 
and, although the actual motions may be highly irregular, certain periods’ 
may sometimes appear more prominently than others. 

If a structure is acted upon by a ground motion which has a period five 
or six times that of the structure, then it is possible, with reasonable 
accuracy, to compute the stresses in the structure on the basis of the 
accelerations of the ground motion. In this case, the forces acting upon 
the structure are taken as the product of the various masses and the ground 
acceleration. This simple rule, however, cannot be extended to structures 
such as elevated water-tanks, which commonly have natural periods within 


i 


7 
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, 
_the range of the periods associated with major earthquakes. Here, it is 
necessary to proceed with extreme caution; nor can one rely upon intuitive 
“Teasoning unless it is backed by a thorough grasp of the dynamics of 
vibrating systems. ; 
; The type of tower now in common use was not developed for earth- 
‘quake resistance, but merely to fulfill the purpose of elevating the water 
“supply on a structure which has to resist a certain intensity of wind force 
‘in addition to carrying the vertical load. For this use it is practically ideal; 
but there is no reason to accept it as the ideal structure for withstanding 
earthquake motions, which actual experience and repeated laboratory tests 
have proved it certainly is not. 
The dynamic behavior of elevated tanks is not amenable to simple 
_ mathematical analysis because of the complications introduced by the 
action of the water in the tank. The system is analogous to one made up 
of a gravity pendulum suspended at the top of an elastic vertical 
frame work (see Fig. 1), except that the water action in the tank is 
more complex than that of the pendulum. It will be seen subsequently 
from the experimental results that the water motion exerts a cushioning 
effect upon the deflections in a tank tower of moderate size. 
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, It is to be noticed in Fig. 1 that a compound pendulum (not a simple 

a pendulum) represents the water and the tank. This feature corresponds to 

the restraining action of the tank walls upon the water mass which forces 

_ part of the water to move with the tank as it vibrates. A simple pendulum 
would correspond approximately to a shallow, saucer-shaped tank of water, 
in which there is little restraint on the lateral motion of the contents, 


tnd 
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The problem of determining the earthquake resistance of elevated water- 
tanks can be solved mathematically in a qualitative way only, not because 
the mathematical process is unknown, but because of the tremendous work 
involved in obtaining results of practical value to engineers. Those who | 
have attempted to calculate the effects of irregular transient disturbances on | 
vibrating systems will recognize at once the advantages of the experimental 
approach to the earthquake problem. The model method, to be sure, is not | 
the only practical way to avoid mathematical difficulties, but, at present, it | 
appears to be the most convenient one. - The greatest advantage of the | 
model method lies in its directness, with the attendant simplicity in interpre- | 
tation of results. 

It will be seen that a system is involved which is dynamically complex in . 
itself; it is subjected to ground motions of a transient and complex nature. . 
The problem is to obtain information which has engineering significance in | 
the sense of being truly quantitative rather than merely numerically pre-. 
cise. That there can be a tremendous difference between precision and true } 
quantitativeness is a fact easily overlooked in research. Thus, the results; 
obtained in the simple harmonic motion studies described herein can be} 
regarded as reasonably precise, but from the engineering standpoint their’ 
quantitative aspect is rather poor, because they do not directly represent : 
the conditions set up by actual earthquakes. On the other hand, the results ; 
of the recorded earthquake-motion tests, although probably less precise, are: 
certainly far more quantitative from the engineering standpoint. 

Scope of the Research.—The experimental investigation was divided into) 
two main parts: (1) Tests of a 1: 46.5 scale model, using simple harmonic: 
motion to simulate earthquake motion; and (2) tests of a 1:25 scale model, , 
using the horizontal ground-motion components recorded during the Long: 
Beach earthquake of March 10, 1933. In each part, the same model was; 
made to represent both the standard type of construction and the new type» 
described in this paper. 

Each of the two parts is so distinctly different in technique from the} 
other that each will be treated separately in this paper for the sake of ' 
clarity. 

The scope of the research was limited to one particular class of tanks 
and to one particular recorded earthquake motion in addition to the simple: 
harmonic motion studies. The first restriction was necessitated by consid- - 
erations of economy; the second by the fact that only one complete record | 
of a violent earthquake existed at the time the research was conducted. It: 
will be evident, however, that the results are not so narrowly restricted in| 
application as might at first appear to be the case. 


PART I—EXPERIMENTS IN SIMPLE HARMONIC MOTION 
Stanparp Design; Mopet Scar, 1: 46.5 —T 


Considerations Relative to Building and Testing the Model—A standard | 
60 000-gal hemi-spherical bottom tank on a 100-ft tower was chosen as the 
first object of study. It was situated about 33 miles from the epicenter. of | 
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the Long Beach earthquake (March 10, 1933), and about 64 miles from the 


point where the earthquake motion used in this research was recorded. 
Several bracing rods in the top panel were permanently stretched and one 
rod was broken during the earthquake. The ‘general design of this structure 


ds shown, in Fig. 2. The results obtained therefrom, although probably 
d typical of a fairly wide variety of elevated tanks, cannot be applied 
indiscriminately to other designs. However, they do point to certain 


general important conclusions as to the inadequacy of present design 


~ methods. 


The behavior of a water-tank supported on a steel tower is controlled 
by two kinds of physical forces: (1) Gravity (or weight) forces, which 
affect the motion of the water within the tank; and (2) elastic forces pro- 
duced by the tower, which affect the motion of the tank as a whole. These 
two kinds of forces interact in a complex manner when the tower is sub- 


- jected to vibratory motions. ‘Therefore, in constructing a model of such a 


system, it is necessary to maintain the same relation between these two 


_ physical forces in’ the model as exists in the prototype if true similarity is 


to be attained; that is, gravity forces and elastic forces must be scaled down 


in the same proportion. This condition precludes the possibility of using a 


simple geometrically scaled model. It becomes necessary to adopt a com- 
mon artifice of model technique—scale distortion—to preserve similarity. 


- This may be accomplished by using different scales for the tower and the 


tank; but there is a simpler and more practical solution. 

As far as the interaction between the tower and the tank is concerned, 
it is easily seen that the tower could be replaced by any other elastic 
systém capable of producing the same horizontal deflection per unit horizon- 
tal force applied at the tank, without affecting the behavior of the tank 
‘during an earthquake. In other words, the tower merely provides an elastic 
restoring force proportional to the deflections of the tank, tending to restore 
it to its position of statical equilibrium. In building a model, it is advan- 
tageous to make use of this fact in order to avoid a costly tower model 


which might prove to be of doubtful accuracy. Accordingly, it was decided 


to support the model tank on two flat steel bars acting as simple vertical 
cantilevers, the length of the bars being made adjustable in the laboratory 
to permit an accurate setting of the stiffness. A symmetrical four-post 
tower, being equally stiff in all directions, can be simulated in the model 
by making the supporting bars of the proper stiffness in one direction only 


-and-then testing the model in that direction. In this manner the model 


“tower” can be made strong enough to hold the tank weight safely, and 
at the same time flexible enough to permit very large deflections without 


danger of failure. i 
It is not intended, of course, to determine the ultimate—or failing— 


‘strength of the prototype, because the engineer is interested primarily in 


building structures so that they will not be stressed above the elastic limit. 
The results of a model study of this kind, therefore, must be interpreted as 
valid for the prototype to the point where its elastic limit is reached. It is 


: ‘neither practical nor very useful to attempt to duplicate the ultimate 
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strength conditions in a model, because the range of experimentation wouldi 
thus be greatly curtailed indeed unless one were willing to build a greatt 
many models, each of which would have to be discarded as soon as itss 
elastic limit was exceeded. 

The point next in importance to be considered is the choice of scale fort 
the model. There is no simple rule for the determination of what consti-- 
tutes the ideal scale. The upper limit of model size is fixed largely byy 
considerations of laboratory convenience, expense, and capacity of the avail-- 
able testing equipment. In the lower limit the choice of scale is restricted! 
by the difficulties in recording the minute motions accurately and also in 
controlling the testing conditions. Other difficulties with very small scale: 
models are brought about by the effect of surface tension and viscosity in: 
the liquid which tends to destroy the similarity, and by the attendant 
speeding up of the model motions which renders accurate recording and! 
timing more difficult. Traffic vibrations also are likely to become trouble-- 
some when very small scales are used. 

After considerable study it appeared that a scale of about 1 to 50 would! 
be satisfactory. This proved to be the case. The model of the tank itself! 
was made of No. 26 gage, sheet aluminum, the bottom and roof being spun 


x Fig. 3—Moprn on Fixep TABLE, SHOWING ARRANGEMENTS FoR ADJUSTING 
STIFFNESS AND MAKING FREE VIBRATION TESTS 


H and the joints rolled together. The resulting tank model gave the proper 
ratio between weight of shell and weight of water, which is a necessary 

‘ condition for similarity. 
The complete model mounted on a stationary table for stiffness adjust- 
ment and free vibration tests is shown in Fig. 3. It will be seen that the 


x Ss 
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legs are clamped at the base so that the stiffness of the model tower is 
easily adjusted to the desired value. The method of determining the stiff- — 
ness is also shown in Fig. 8. A known force is applied horizontally at the 


center of gravity of the tank by means of a ‘weight-and-pulley arrangement, 


the resulting deflection of the tank being measured by a micrometer mi- 


_ eroscope reading on a fine scratch on an index attached to the tank. 


The tank was attached to the tower legs by means of spring hinges 


_ soldered to the top of the legs and to the bracket on the tank. Each hinge 
consisted of a strip of spring steel, 0.003 in. thick, having an unsupported 


length of about 0.01 in. This type of hinge is practically frictionless and, 
at the same time, remarkably rugged. It exhibited no deterioration during 
the entire set of tests. The tank bracket was riveted to the shell. 

_ It should be remarked that in determining the stiffness of the model 
tower it is necessary to have the proper quantity of water, or equivalent 


' weight, in the model tank, because the vertical load on the legs has an 
effect upon their stiffness which needs to be considered. The following 


relations between model and prototype are easily deduced from model 


_ theory*: If the length scale = 4, the time scale = r/) d, and the stiffness 


seale for the tower = )*%. For the actual model the length scale, A, was 


' 46.5. This gives a time scale of 6.82; that is, a duration of 1 sec in the 
model corresponds to 6.82 sec in the prototype. The following list of 
_ weights, in pounds, shows the relations between the laboratory model and 


the full-sized tank: 


Weight 

: in pounds 

Weight of water in prototype tank (8 in. from top). 503 000 

Weight of empty tank, balcony, etc............... 381 000 
Equivalent tower weight concentrated at center of 

EMV Pe val OG ae EATIE.\./ Wisic soa si viele a. six alata gob lg Eats 11 000 
Total concentrated weight at center of gravity 

CML ATTIC te cotta) eee oe Soci caite aie ole nies 545 000 

Weight of water in model tank..............665. 5.00 

Weirht ofmenipty tanks 6.000022. fo. See eee ee 0.24 
Equivalent tower weight constructed at center of 

EPRVIL VIOLAS) So fel enlo dis lk ope Gao ele eye's s 0.11 

SAPEACHAMONEG fill ds |. leiles wales se dees des ti Seabee ica 0.04 


Total concentrated weight at center of gravity 
of tank. (The model weight corresponds with 
the prototype weight; thus: 5.39 x (46.5)° 
Percalods-ih) i rt aes LE 5.39 

Stiffness of prototype tower (calculated), in pounds 
per inch of deflection at center of gravity of tank. 16 000 
Stiffness of model tower (as adjusted in laboratory), 
in pounds per inch of deflection at center of 
gravity of tank; and 7.37 x (46.5)? = 15 940 Ib 


2 Civil Engineering, August, 1935, pp. 457-458. 
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The stiffness of the prototype tower was computed by applying a hori- 
zontal force of 1 000 lb at the center of gravity of the tank to one bent 
of the tower and calculating the resulting deflection of the tank (0.125 in.). 
The corresponding angular tilt of the tank was also computed and was 
found to be only 8 sec under this load; consequently, it is obvious that the 
rotation need not be considered in building the model, which further 
simplifies the laboratory work by permitting the use of vertical instead of 
battered legs. 

The foregoing scale factors establish the magnitude and period of the 
artificial earthquake motion to be applied to the model in order to simulate 
a given earthquake. For instance, an earthquake in Nature, having a 
period of 1 sec and an amplitude of 2 in., would be simulated in the model 


in, 


by a motion having a period of = sec. and an amplitude of 


The shaking-table was loaded with a dead weight of approximately 300 
lb, so that the model weight was less than one-fifteenth of the dead weight 
of the table. This is an important consideration because, if this ratio is 
not made large, the reactions of the model may seriously affect the table 
motion. Of course, in the region of resonance this effect is unavoidable, 


but during the early stages of the motion the effect of the model on the 


table motion will be quite small, and, after all, it is the early part of 
the motion that is of greatest interest. 

The interpretation of the model results in terms of the full-sized struc- 
ture is quite simple. The model is so constructed that its deflections are 
related to those of the prototype according to the length and time scales. 
Therefore, the deflections that would exist at any instant in the full-sized 
structure may be determined easily. Having once computed the stresses in 
the tower, corresponding to a known deflection, the determination of the 
magnitude of the stresses at any given instant is a matter of simple arith- 
metic. It is obvious, then, that a record of the motion of the model tank 
relative to its base is sufficient for the determination of both the stresses 
and deflections that would be produced in the prototype, as well as the 
time at which they would occur. 


Artificial Earthquake Motion.—In this part of the research an earth 


quake motion of cosine form was adopted, that being the most convenient 
to work with in the writer’s laboratory. When the table is vibrating by 
itself, the shaking-table motion is so slightly modified by damping that, 
over a range of 15 or 20 cycles, the attenuation is quite negligible. When 
a model is placed upon the table, the record of the table motion appears 
as a damped cosine wave. This is due to the absorption of part of the 
energy of the table by the model. 

The range of periods chosen for these tests covers the generally discussed 
band of earthquake frequencies, although there is considerable: yet to be 
learned about the upper and lower limits of earthquake. periods, Apparently, 
the commonly accepted “destructive periods” of approximately 0.75 see to 
1.5 sec, are based largely on the destruction to buildings, the natural periods 


nee 


Ve 
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of which often fall close to that range. It is not to be assumed, however, 
that severe ground motions of much longer periods do not exist during severe 
earthquakes; and it is certain that there are much shorter periods present. 
Notation—The symbols used throughout this paper are defined where 
they first appear. An effort has been made to conform as nearly as prac- 
ticable with “Symbols for Mechanics, Structural Engineering, and Testing 
Materials”,* compiled by a committee of the American Standards Associa- 
tion, with Society representation, and approved by the Association in 1932. 
Functions of the “Dummy Tank”.—It was considered to be of interest to 
‘compare the behavior of the actual water-tank with that of an equivalent 
solid mass in order to determine the effect of the water on the motions. 
Consequently, a small inverted pendulum was constructed and its period 
‘adjusted to the proper value. This pendulum is referred to as the 
“dummy tank” because it behaves in exactly the same manner as the actual 
tank if the water was replaced by a solid dummy mass of equal weight. In 
‘other words, the motions of the dummy tank represent the effects of earth- 
‘quakes upon a water-tank which is frozen solid. 
The dummy tank was made to serve another important purpose at the 
same time, namely, that of controlling the accuracy of the laboratory work. 
The calculation of the theoretical motion of the dummy pendulum being 
a relatively simple matter, it is possible to check the correctness of the work 
at any time. Since the dummy pendulum and the actual tank were always 
tested simultaneously, it is safe to assume that if the theoretical dummy 
motion checks the recorded motion satisfactorily, the motions of the actual 
tank must also be correct. 
The proper natural period, P, for the dummy pendulum is found as 


* follows: 
P=27 4 (ysis peace hee ee (1) 
gk 
in which W = weight of tank plus contents (assumed to be solid) ; 


‘g = acceleration due to gravity; and k = spring factor of tower (restoring 
force per unit deflection). From the foregoing lists of weights and scale 


relations: P= 27 A a Orns = 1,863 sec for the prototype. Then, 
32.2 x 12 x 16000 


since the time scale is~/}, = 6.82, Pm = 1.863 + 6.82 = 0.273 sec for the 
model. The correctness of the model-scale relations is easily verified by calculating 


Pm, using the actual model constants; thus: [Pe Aas Nea 


= 0.273 sec. (The dummy pendulum was adjusted by trial to a period of 
0.271 sec, within 1% of the theoretical.) 

Tt is easily proved that the dynamic response of a pendulum of this type 

is dependent only upon its natural period, and independent of its physical 


‘dimensions. Therefore, it was not necessary to make the mass and spring 


34 § A—Z10 a—1932. 
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factor of the dummy identical with those of the tank model. The dummy 
pendulum was made by attaching a small mass (about 0.5 lb) at the top 
of a vertical flat steel bar. This type of small pendulum was adopted in 
order to reduce the total effect of the models upon the table motion to 
minimum. 

Laboratory Procedure—The laboratory work was divided into two maiz 
parts—free vibration tests and shaking-table tests. In the free vibration 
tests, the model was mounted on a rigid stationary table and the tests wer 
made by suddenly releasing the model from a pulled-back position. Th 
resulting motions of the tank were recorded photographically. Fig. 3 show 
the general arrangement used for recording the free vibrations. The pull: 
back and release were accomplished by means of standard link fuses. Ona 
end of the fuse was clamped to a small bracket (see at the top of the left 
tower leg); the other end was clamped to a bracket attached to the tables 
the latter bracket being arranged with screw adjustment to permit vary} 
ing the amount of pull-back at will. The shield over the fuse kept the lighn 
of the flash from striking the recording paper. A 110-volt circuit, shorted 
across the fuse, gave a very fast release. 

At the right of the tank is a swiveled mirror and lens arranged to trace 
the model motions on the recording drum, the source of light being just 
above the front of the drum (extreme right of Fig. 3). Immediately to the 
right of the recording mirror is another lens for recording the time inter- 
vals which are marked by the passage of a periodic electric spark. The 
spark-gap is shielded, but the terminals where the leads connect may be 
seen in Fig. 8. 

The shaking-table motions were produced in a manner similar to that 
of the free vibrations, except that it was necessary to use a short length of 
resistance wire, instead of a link fuse, in order to deflect the stiff springs 
of the table. A special form of wire link was developed for this purpose, 
which proved to disintegrate very rapidly under a 110-volt current with 
no detectable effect upon the table motion. This was accomplished by 
reducing the length of the wire to be burned to about 4 in. 

The set-up for the shaking-table test has been amply described else- 
where’. The table itself was suspended entirely by piano wires and actuated 
by springs. Lateral guy wires leading to the floor prevented any tendency 
of the table to twist due to unbalanced forces. 

Three mirror-and-lens systems, which received light from three illumi- 
nated slits beneath the recording drum were arranged so that one recorded 
the motions of the shaking-table relative to the floor, while the second 
recorded the motions of the tank relative to the shaking-table (the deflec- 
tions); and the third recorded the deflections of the dummy pendulum 
relative to the table. A fourth lens system recorded the time marks. The 
records were made on bromide paper. 

Fig. 4 represents a part of a typical record. The axes of the three 
motions were separated purposely for the sake of ease in reading the records 

‘ Qivil Engineering, August, 1935, p. 458, Fig. 7. 
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Just before releasing the table, the drum was revolved once with the lights 
on, and the timer off, to provide base lines for measuring the deflections. 
The entire record (39 
in. long) being made 


TN | ya le <( 
in about 5 sec, it | i IN | | ‘(ll Mil 
ec, 1 Dummy iy ht IN Jlank f Nh \ 


was necessary to time 
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e recording proced- ) / NAT 
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> 


ure carefully to pre- vin NUS N 

yent awkward over- | Pt ns 
2 5 Relative Magnification: | 

lapping. The switch- 0.505 Sec Table 13.3 

- : Tank 23.6 

board which con- Dummy 26.0 

trolled the table re- Fig. 4.—Part or A Typical RECORD 


lease, lights, timer, and recording drum, is seen in Fig. 3. 

Free Vibration Characteristics.—As the pull-back amplitude is varied, the 
resulting free vibrations prove to be very uniform in character. Analysis of 
‘the records shows the system to be remarkably linear, in view of the com- 
plex action of the water inside the tank. Fig. 5 is a plot showing various 
‘successive maximum amplitudes of free vibration, ‘expressed in terms of the 
‘percentage of the original pull-back before releasing. (In this and all 
sueceeding diagrams all data are given in terms of the full-sized tank in 

‘order to avoid confusion as to scale relations.) In a perfectly linear system 
‘such as one made up of springs and weights, these curves would all be 
horizontal straight lines. In the water-tank the curves are quite straight, 
but all show more or less deviation from the horizontal. However, the per- 
centage deviation within any reasonable working deflection of the tank is 


- 


Successive Maxima—» 16+ Tae 


i yeas 
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2 ) 4 5 6 
Initial Pull-Back, at Center of Gravity of Full-Sized Tank, in Inches 


Fic. 5.—F rer VIBRATION BBHAVIOR or TANK WHEN SUDDENLY RBHLEASDD FROM 
PULLED-BACK POSITION 


~ quite small. On the basis of this observation one might expect that the 
system would exhibit nearly linear characteristics in the shaking-table tests, 


and this was found to be the case. 
The curves in Fig. 5 are not extended below deflections of 2 in., because 


it was found that as the deflections became quite small the characteristics of 
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the pull-back fuse began to effect the resulting free vibrations sometimes 
as much as 5 or 6 per cent. It is easily seen why this can be true whe 
it is realized that, corresponding to a pull-back in Nature of 1 in, t 
model is pulled back only 0.02 in. The energy stored in the model tower foi 
this pull-back amounts to 0.0016 in-lb. An extremely short lag during t 
melting of the fuse is sufficient to produce considerable percentage chan; 
in this stored energy before the model is entirely free. 

In the records of free vibration two periods stand out distinctly, althoug 
the motion is not quite the sum of two simple harmonic motions. T 
slower mode of vibration consists principally of a swinging motion of t 
water within the tank. A slight movement of the tower accompanies thi 
mode. The second and faster mode consists of a swaying back and fort: 
of the tank as a whole, while a large part of the water moves with thl 
tank. This mode resembles the action of a simple inverted pendulum. Thes; 
two periods were estimated from the records to be 0.39 see and 0.24 sec 
respectively, for the model. (The corresponding periods for the full-sizee 
structure are 2.7 and 1.6 sec.) 

It is interesting to compare these periods with that of the dummy tan) 
model which has a period of 0.27 sec. The change from 0.27 to 0.24 sec ane 
the addition of the secondary period of 0.39 sec are created entirely by th: 
freedom of the water to move relative to the tank. ; 

In order to verify the accuracy of the model and laboratory work, fre« 
' vibration tests were also made with the tank filled with a mixture of sanc 
and sawdust, of volume and weight equal to that of the water (5.00 lb). Thi: 
mixture was solid enough to act as an inert mass in the tank so that i 
duplicated the conditions assumed for computing the dummy tank. The 
period of vibration as determined from these tests was found to be 0.272 see 
as compared with the 0.273 sec calculated. The damping ratio of thi: 
system was also investigated and found to be small (less than 1.015), show 
ing that the method of mounting the model was satisfactory. 

Forced Vibration Characteristics—In analyzing the results of shaking 
table tests in which transient vibrations are considered as well as forcec 
vibrations, it is necessary to introduce the conception of the duration of the 
motion in addition to its period and amplitude. For example, it is no: 
sufficient to be able to state merely that a certain ground period anc 
amplitude will produce so large a maximum stress without at the same tim 
being able to state the duration of motion required to produce this stress 
earthquake motions are of a transitory nature and it is doubtful whether ; 
succession of a larger number of similar waves ever occurs. Accordingly 
the data have been studied in the light of the maximum stresses (or deflee 
tions) that occur up to various periods of time, the measure of time adopte 
being the number of ground cycles elapsed since the start of the motion 
This arrangement of data gives a clearer view of the matter than on 
in which time intervals are expressed in seconds, because it is the number o 
ground vibrations rather than the absolute duration of time that is o 
greatest interest. 
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Fig. 6 presents the results of the shaking-table tests in a ‘condensed 


form. The maximum amplitudes of the tank and dummy are shown as 


_ functions of the ground period, holding the maximum acceleration of the 
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Fic. 6.—RESULTS OF SHAKING-TABLE (MAXIMUM GROUND ACCELERATION;= 3% OF 
GRAVITY; FOR OTHHR VALUES USn DIRECT PROPORTION) 


ground constant at 3% of that due to gravity. (These data are given in 
terms of the maximum ground acceleration because many engineers are 
accustomed to compute earthquake stresses on the basis of acceleration alone. 
The value, 3% of gravity, was chosen as a base for plotting the results 


_ because the structure would have a safety factor of 2 when subjected to a 
constant horizontal acceleration, 0.03 g; that is, according to the statical 


- 


+. 


a 


method of earthquake design the structure would have a safety factor of 
2 for any earthquake having a maximum acceleration of 0.03 g.) Because 
the system was found to be so nearly linear it is possible to derive other 
values of acceleration by direct proportion. Of course, this is slightly 
approximate at certain points.on the curves and probably would not hold 
true for very large accelerations (say, greater than 0.15 g) even if the elastic 
limit point were indefinitely high. 

One of the most outstanding characteristics of these curves is the 
extreme difference between the form of the early maximum curves and that 
found in the absolute maximum curves. First considering the actual tank, 
one notes in the absolute maximum response the appearance of two distinct 
resonance: points. These points correspond to the natural periods observed 
in the free vibration tests. (The maxima in Fig. 6 do not coincide with 
the natural-periods—2.7 and 1.6 sec—because of the method of plotting the 
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results. If Fig. 6 is replotted, keeping the ground amplitude constant instead 
of the maximum acceleration, it will be found that the maxima then 
appear at the natural periods of the system.) The resonance point corre- 
sponding to the natural period of the water is suppressed, a natural result 
of the non-linearity in this region. In the early stages of the motion, these 
two resonance points are almost entirely obscured by the presence of the 
transient vibrations. 

Equally outstanding in Fig. 6 is the rapid building up of the tank 
deflections, even at ground periods well away from the resonance points. It 
is seen that, for the most part, two ground cycles produce deflections almost 
as great as a series of several cycles. Indeed, the relatively flat character 
of the curves for P (1.5 P and 2 P) is obviously of great significance. 

The response curves for the dummy tank begin with a pattern roughly 
similar to that of the water-tank; but, as the duration of the motion is pro- 
longed, the curves for the dummy tank approach a form having a single 
resonance point corresponding to its single natural period. The generally 
greater deflections of the dummy are clearly shown in Fig. 6. 

The elastic-limit deflection and the deflection resulting from the appli- 
cation of a horizontal force equal to 3% of the dead weight acting at the 
center of gravity of the tank, are also shown in Fig. 6 to form a basis for 
comparison. 

Comparison with Results of the Statical Method of Earthquake Stress 
Analysis——The results given by simple statical theory are shown on Fig 6, 
but a more direct comparison between the actual conditions and the simple 
theory is given in Fig. 7. The maximum acceleration of the ground 
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Fic. 7—COMPARISON WITH SIMPL THEORY OF DESIGN 


(expressed as a percentage of gravity) necessary to produce elastic-limit 
stresses during one and two ground vibrations is plotted as a function of the 
ground period. It is obvious that the simple theory based on a constant 
acceleration fails to fit the true conditions, even as a rough Spproxinn seas 


| 


May, 1987 ; ELEVATED WAIER-TANKS 815 


The curves cross in the vicinity of the 1-sec ground period, but this is a 
coincidence rather than a result of the assumptions upon which the simple 
theory is based. The inadequacy of this type of tower is shown strikingly 
in Figs. 6 and 7. 

Conclusions Pertaining to the Standard Design—The most important 
conclusion to be drawn from the results of this part of the research concerns 
the inadequacy of the generally accepted method of designing elevated tank 
towers against earthquakes. It is clearly shown that the assumption of a 
‘static horizontal force proportional to the maximum ground acceleration 
leads to large errors over practically the entire band of possible earthquake 
frequencies. If earthquakes did not exhibit periods shorter than 5 or 6 sec, 
_the fixed-force method of analysis could be considered fairly satisfactory for 
tank design provided a reasonable factor of safety was adopted. Unfortu- 
nately, the more violent motions of the ground during an earthquake are 

known to contain periods considerably shorter It would be possible, of 
course, to make the simple theory fit elevated tank design fairly well by 
‘building the towers of such stiffness that the natural period of the structure 
would be shortened, say, to 0.25 sec; but with a mass of 500 000 lb elevated 
“approximately 100 ft above the ground, such a design would be extremely 
expensive. In other words, unless the natural period of the structure can 
be reduced to at least one-third or one-fourth that of the shortest important 
earthquake period to be expected, the dynamical effect of the ground motion 
can not safely be ignored. 
| It will have been observed from Figs. 6 and 7 that the effects of earth- 
‘quakes upon the structure are expressed in terms of motions or deflections, 
the unit stresses produced by these motions being incidental to them and 
“not controlling them. It may be seen that, in any given tank tower, the 
best effect that can be had from a moderate amount of strengthening is 
obtained by strengthening those members which are inherently weak until 
all the members of the structure reach ultimate stresses simultaneously. 
Then the structure achieves the maximum possible safe deflection; this 
‘means that, for the tower studied in this research, an inerease in the 
size of the rods in the upper panels would strengthen the tower dynamically 
to some extent (since they are the highest stressed rods); but that, para- 
doxically enough, if all the rods were increased in cross-section by the 
same percentage, the tower would have the same strength dynamically as it 
had originally, because the safe deflection would be unchanged. 

The conclusion that large tower deflections can be produced in short 
periods of time over a wide range of earthquake frequencies is obvious from 
- the data of Fig. 6. This conclusion leads further to the consideration that an 

actual earthquake motion may introduce dangerously large amplitudes even 
_ if the condition of resonance or near resonance is entirely lacking. 

Tt is clear that although they indicate in a general way the effect to 
be expected, the simple harmonic motion tests do not offer a practical 
_ means of arriving at quantitative engineering data on the effects of actual 
earthquake motion. On the basis of the familiar Fourier harmonic analysis, 
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the simple harmonic test can be regarded as a reliable “measuring stick” ’ 
for comparing the dynamic behavior of one system with that of another ° 
system; but beyond demonstrating the possibility of the process mathe- - 
matically for certain structures one cannot practically go very far toward | 
converting the results of simple harmonic motion tests in terms of the: 
effect of a given irregular earth motion. 


Spring Erement Desien; Mopen Scate, 1: 46.5 


Considerations Relative to Development of Earthquake-Proof Tank: 
Structures—A study was made of a number of possible types of tank and | 
tower construction, with a view toward finding a type or types suitable: 
for active seismic regions. Some of these types, of course, appear to be> 
fantastic or impractical, whereas others are uneconomical. Among the: 
former may be listed such arrangements as roller supports for the founda- - 
tions or tanks, various ways of hanging or suspending the tank so as} 
to decrease its vibrations, etc. Among the uneconomical designs are those » 
which seek to give the structure adequate quake-resistance by providing; 
an extremely stiff or rigid tower. The data in Table 1 will serve as an} 
illustration. Thus, it is clear that it is quite uneconomical to attempt: 


TABLE 1.—Comparative Desians, 60 000-Gatton TANK ON A 
* 100-Foor Tower (Distance rroM CoLtuMN Base To Batcony = 108 Feet) 


Weight, ee 
: Number in tons, vibration 
Item No. Design more than period, P, 
of panels Item No. 1 in seconds ‘ 
65) (2) (3) (4) 
| Ne PMR hea Standard design*.................... 3 0 1.50 
ROS tA Design for a constant acceleration of 0.1g 3 8.25 | 1.13 
ete Extra heavy design.............0000. 3 10.25 0.99 
Bee ask Extra heavy design............0c000: 4 11.50 0.93 


* Diagonal rods, 1 sq. in. in area. 


to give very short natural vibration periods to heavy tanks on towers of 
this height. For capacities of 100000 gal and more, and for towers | 
of greater height, the situation is very much worse. 

If the natural period cannot be reduced to about 0.5 sec, it is doubt- 
ful whether the tank is very much more likely to survive a violent earth- 
quake than a standard design built for wind resistance only. The odds 
will depend upon the nature of the particular ground motion to which it. 
may be subjected and upon the foundation conditions. 

The natural conclusion from a prolonged study was that, barring fan- 
tastic and impractical designs, the best way to obtain adequate quake- 
resistance is to provide the tower with a greater range of elasticity; that 
is, if the tower can be built so that the safe deflections are large enough, 
there will be no danger of failure. This does not necessarily imply that 
the tower must be extremely limber or weak, although a certain degree of 
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limberness is almost always created by increasing the allowable deflection 
of a structure. This concept, of course, is not a new one, but it has been 
most often discussed in relation to buildings; and, in this connection, 
the writer wishes to emphasize that the present discussion is in no way 
intended to apply to buildings. 

_ There are two general methods of increasing the allowable or elastic 
deflection range of a structure such as a water-tank tower: (1) By mak- 
ing the tower of some type of open framework in which the forces resisting 
deflection are produced by bending stresses set up in some or all of the 
members of the framework; and (2) by artificially increasing the allowable 
direct-stress deformations of some or all of the members of a statically 
determinate tower. Of course, combined systems will also suffice. 

Method (1).—The first method has one serious drawback—if the tower 
is made with sufficient deflectibility for quake resistance, the deflections 
due to strong winds are likely to be undesirably large and the tank will 
sway considerably with every light wind. This difficulty can be avoided 
by adding a-system of diagonal bracing to the tower, the bracing being 
of such strength that it will safely stand ordinary wind force but will 
break or collapse when a serious earthquake occurs, leaving the tank free 
to sway as far as need be during the quake, and yet not endangering the 
structure as a whole (if it is made inherently stable). 

Difficulties arise in the design of a fool-proof collapsible bracing system, 
Since a bracing failure on one side only or on one panel only would probably 
be disastrous. Furthermore, questions arise as to the advisability of tak- 
ing chances on hurricane or near-hurricane winds which would break 
the bracing and leave nothing to resist them but the bending action of the 
frame (which, for towers about 100 ft high, is rather small if the design 
jis economical). The replacement of bracing (or of breakable links in the 
bracing) after an earthquake does not present any serious objection. All 
in all, it may be stated that this method is at least worthy of serious 
consideration and perhaps it would be well worth while to study the 
behavior of models representing various towers of this general type. 
~ Method (2).—The second method can best be explained by reference to 
Fig. 8 which illustrates schematically a device developed during this re- 
search. If spring elements such as those in Figs. 8(b) and 8(¢) are intro- 
duced at Points S into the bracing of the tower (Fig. 8(a)), it will be seen 
that the allowable elastic deflection of the tower can be increased at will 
within very wide limits. Furthermore, it will be noticed that the spring 
elements are provided with a means of applying arbitrary initial stresses 
to the springs, so that up to the limit of the initial stresses they are per- 
fectly rigid, thus preventing undesirable sway of the tank from ordinary 
wind forces. When an earthquake of serious magnitude occurs, however, 
the initial stress is quickly overcome and the elements act as simple springs 
: the point at which the coils close up tight, when they again become 
perfectly rigid. 

Tt is evident that this method of construction has the advantage over 
Be first method in that here extremely high winds or hurricanes will never 
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lack adequate tower resistance as long as the main members of the towes 
are large enough to take the stresses. Furthermore, a slight dissymmetri 
will not be disastrous, as compared with the effect of breaking the bracino 
on one side of the tower. 


(d@) SECTION B-B 


(a) ELEVATION OF (b) SECTION 
TANK AND TOWER THROUGH SPRING 
Fig. 8.—SPRING ELEMENT CONSTRUCTION (SCHEMATIC) 


There are so many possible types and combinations of spring element 
that no attempt will be made to catalog them all. One special type tha 
is of interest, however, is shown in Fig. 9, in which a damping devic 
has been added to the spring element as a means of decreasing the ampli 
tudes of vibration. It is surprising to find how little damping force i 
needed to produce a very beneficial effect in the behavior of this type o 
construction. 

Description of Model Technique—In dealing with an entirely ner 
type of construction, where there are no definite data at hand on whic 
to base design, it is desirable to investigate a number of possible design 
under similar conditions. To build a series of models, each representin 
some variation in design, would obviously be a-very expensive and difficul 
procedure. Therefore, it was decided to conduct this preliminary study b 
means of a single model which could be adapted to represent’ a number o 
designs and, at the same time, would entail a minimum of time an 
expense. 

In order to understand how this was accomplished, it is first necessar 
to examine the statical, or load-deflection, characteristics of a structur 
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equipped with spring elements. Fig. 10 shows the typical theoretical load- 
deflection curve for the new style of tower. This curve is obviously ideal- 
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(b) SECTION A-A 


Fic. 9.—SpPrinG ELEMENT wiTH SpectaL DamMPpine DEVICE (SCHEMATIC) 


ized; in practice, the sharp breaks will always be more or less rounded off 
due to unavoidable inaccuracies in building the structure and in adjust- 


ing the rod tensions. 


/ 
/ 
Elastic Limit Wie 


Steel Ribbon 


= 
= S 
aed — 
wo 9 a 
cS 6 Cc TR 
‘ a 
- 82 R : 
c= 3 Spring Elements 
n> a 
osc °o 
as a 
a Lm 
oS oS ‘ 
E=ic} = 
ea S2 


Spring Elements 
pile Deflection of Tank 


Dated - 
mo 2 
Bese F 11.—-D1aGRAM oF MODB®L 
“Fic. 10,—LOAD-DEFLECTION CHARACTERISTICS OF A IG. f 
5 TANK TowrR EQUIPPED WITH SPRING HLEMENTS UsED FOR REPRESENTING VARI- 
4 ous SPRING ELEMENT DESIGNS 


: Now if it is sufficient to treat the structure as a two-dimensional prob- 
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(as in the previous tests), there is a very simple method of building 
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its dynamical equivalent. Fig. 11 shows how the model was constructd 
by simple changes in the original model of the standard design. Screws; 
are set to put an initial stress in the flat springs, Si, when the system 
in its equilibrium position. If, then, one deflects the tank over to the lef 
say, Ribbon r, buckles at once, and, at first, the stiffness of the towe 
system is a + a + + to the point where the initial stress in S; 
S; S; S. 

equal to the tension in rr. During this part of the deflection the mod: 
represents Section A of Fig. 10. 

As soon as the deflection proceeds farther to the left, the spring, & 
begins to separate from Screw a and the stiffness : the tower syste: 


becomes + zat + a - a , in which the term, — dominates becaus 


SS; “Sse Si 1 
S, is ena relative to S. and S; The stiffness now remains at this valu 
until S, comes in contact with Screw b. During this part of the deflectic 
the model represents Section B of ei 10. Any eae deflection to tk 


left encounters the original stiffness, — Aare + oe and, therefore, ref 
3 2 
resents Section C of Fig. 10. 

It will be noted that by varying the settings of Screws a and 6 and tl 
stiffness of Springs S:, S2., and S; (by altering their free lengths), a wic 
variety of designs can easily be represented with the same model. In tl 
tests herein described, the springs, S. and S;, were not changed since the 
represent the stiffness of the structural framework of the tower whic 
would not change for the various spring-element designs considered. Tl! 
adjustments of S,, S2, and S; were made independently by using the cor 
ventional weight-and-pulley loading, the deflections being read with 
micrometer microscope. Then, the set-up was asren ag and the setting 
of Screws a and b were made by “trial and error” until the measured loac 
deflection curve fitted the assumed curve. 

Laboratory Procedure-—The routine of shaking-table tests was the sam 
as that described under the heading “Standard Design.” Several possib 
designs were chosen for study, and each design was put through a seri 
of simple harmonic motion tests in which both period and amplitude wer 
varied. For each design, curves were drawn showing the maximum deflee 
tion of the tower as a function of ground amplitude for a given grounc 
motion period, from which could be determined the largest simple harmon‘ 
ground amplitude which the structure could safely withstand at th: 
period. Fig. 12(a) shows a characteristic plot for one of the desigz 
investigated. For comparison is shown the corresponding curve for tl 
standard design described in Table 1 and supporting text. 

Forced Vibration Characteristics—A study of Figs. 10 and 12 (a) wi 
help to make clear the relation between statical non-linearity an 
dynamical non-linearity. The tank deflections produced by a grour 
motion of cosine form are not proportional to the amplitude when tl 
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riod is held constant, as was the case with the simple standard structure. 
his phenomenon is due to the fact that the natural vibration period of 
e structure changes as the amplitude of its vibration varies. Thus, from 


x 
iS 

oO 

Al 

= 

°o 

2 Stiffness, S, in 

Ss Lb per In. 

x 

gL 

N 

5 25000 Lbper In- 


Deflection of Tank 


(a) TYPICAL PLOT 
OF TEST DATA 


10000 Lb 


HK C, Inches 
Springs Open < Ssh Rata 3.40 ; 
econds, uantities Refer 
3 Here Ae the cullisizediStructure’ (b) KEY TO FULL-LINE CURVES 
0 
0 1 2 3 4 
Amplitude of Ground Motion, in Inches 


——— Spring Closure Deflection, C 


Fe OS 


2 — Stiffness, S, in Pounds per Inch 
5 et 


ve 


Rods, in inches 


wo 


Elastic Limit of Tower 


; Stang 
a Se Desig 
at “17 ] Hay; e 
~~Le 1-Inch govt 
'(c) PARTIAL SUMMARY oC en oe 
OF TEST RESULTS 


Period of Ground Motion in Seconds 


RESISTANCE OF SPRING ELEMENT DESIGNS COMPARED 


Fig. 12.—BHARTHQUAKE 
with THAT OF STANDARD DUSIGN 


Pig. 10, it is evident that over the range, A, the natural period is constant 
rat of the same structure without spring elements. As 
ibration passes over to the range, B, however, 
he natural period becomes progressively longer with increasing amplitude 
yecause the effective stiffness (that is, the ratio of the horizontal load to 
he corresponding deflection) becomes progressively less. This state of 
fairs continues until the amplitude of vibration begins to enter the 
ge, (, when further increase in amplitude will result in progressive 
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shortening of the period that the structure had at the end of the range 
B. However far the deflection may go in the C range, the natural perioc 
can never be as short as the period in the A range. 

In such a system, then, it is obvious that the amplitude of the ground 
motion can be just as critical as its period. Thus, in Fig. 12(a), the perioo 
of the ground motion is much longer than the natural period of the struc 
ture in Range A of Fig. 10. As a consequence, for small ground amplitude 
of this period, a very small tank deflection occurs; but when the grouna 
amplitude increases enough to throw the tank amplitude into Range B, tha 
two periods are brought closer together, and the result is a sudden buildk 
ing up of vibration due to a quasi-resonance. The break-over at the top 
of the curve in Fig. 12(a), of course, represents the disappearance of tha 
quasi-resonance condition as the amplitude goes into Range C of Fig. 10( 

It will be noted at once that studies of markedly non-linear systems in 
simple harmonic motion, such as the spring-element tower designs, canno: 
give a clear picture of the effects to be expected from irregular motion: 
of an actual earthquake. Indeed, these experiments were restricted t¢ 
simple motions only because at that time actual earthquake motions could 
not be reproduced in this laboratory; but it was recognized that, for the 
purpose of comparing one design with another dynamically, the simpld 
harmonic motion is a serviceable yardstick. 

Fig. 12(c) presents a partial summary of the results of several hundrec 
tests. Also, shown on this diagram, for comparison, are the corresponding 
results of tests on the standard design previously investigated. These date 
are represented in terms of the amplitude of simple harmonic grounc 
motion required to reach the elastic limit of the tower rods for various 
ground-motion periods. The points on the curves in Fig. 12(c) were 
determined by the absolute maximum tank deflection reached during eact 
test. In almost every test, however, this absolute maximum deflection was 
reached within the first two or three cycles of ground motion. Thus, if the 
data were restricted to motions of three cycles duration, the figure woulc 
change very little. The rod-bracing of the tower in these tests was 
designed for a safe horizontal load of one-tenth the weight of the tank 
and contents acting at the center of gravity of the tank. Had the standarc 
tower bracing (see dotted curve, Fig. 12(c)) been designed for the same 
loading, the ordinates would be practically unchanged in magnitude, bu 
would be shifted a little to the left. Thus, the minimum point would move 
from a period of 1.6 sec to about 1.8 sec, with no change in magnitude. 

The superiority of the spring element design over what is generalls 
thought of as the principal part of the earthquake spectrum is very marked 
but for earthquake periods beyond about 3 sec the standard design com: 
pares favorably with it. 

Some preliminary experiments were made with a frictioning device iz 
order to study the effect of damping. The results indicated that surpris 
ingly small damping forces would suffice to raise the low points on th 
curves well above the curve for the standard design. These tests were no 
sufficiently quantitative to warrant extended discussion. 3 
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2 Conclusions Pertaining to Spring Element Design.—These preliminary 
experiments suggested that the new form of construction has very definite 
possibilities as a means of overcoming the earthquake hazard for elevated 
water-tanks. The conclusions to be drawn are quite limited by the very 
nature of the tests: 


| (a) For earthquakes characterized by short-period vibrations (not more 
than about 2.5 or 3-sec periods) the simple spring-element design can be 
considered a satisfactory solution. For such earthquakes the data in Fig. 
12(c) show that the greater the closure deflection, C, the more violent 
shocks the structure can withstand. 

(b) For earthquakes in which moderately large long-period vibrations 
are present (say, between 3 and 6 sec) dangerous stresses may be reached ; 
and, without damping, the spring-equipped structure may be no better off 
than one of standard design. For such earthquakes the data in Fig 12(c) 
seem to indicate that closure deflections of more than 7 or 8 in. may be 
undesirable. 
~ (c) The presence of a slight degree of damping action would greatly 
help the structure in the long-period range without appreciably reducing its 
effectiveness in the short-period range. 

(d) In order to obtain design data for engineering purposes, tests should 
be made with actual earthquake motions. The model preferably should be 
three-dimensional and large enough to permit accurate determination of 
the damping forces required for practical design. (In the model of 1: 46.5 
seale the measurement of damping forces is made difficult by the fact 
that the force-scale is (46.5),’ or 100500; that is, a force of 1000 lb in 
Nature corresponds to less than % 02 in the model. Although there is no 
difficulty in measuring very small elastic forces in a frictionless structure 
‘such as that shown in Fig. 11, it is difficult to produce and measure 
frictional forces below the level of 0.5 oz with reasonable accuracy. No 
such difficulty appears in measurements of deflections, however, since the 
scale of deflection is equal to the scale of the model). 


PART IL.—EXPERIMENTS WITH ACTUAL 
EARTHQUAKE MOTION 


MopEt CHARACTERISTICS AND Testing PRocEDURE 
Introductory—Four important questions were left unanswered by the 
Yesearch discussed in Part I: 


(a) How will the new construction behave in three dimensions ? 

(b) What will be the effect of actual irregular earthquake motions as 
compared with the simple harmonic motion previously used? 
(ce) How much damping is needed to avoid excessive stresses? 

(d) How does the proposed structure compare with the standard type 
of structure in dynamic behavior when subjected to actual earthquake 


‘motions. 


q 
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Before further model studies could be directed profitably toward answer 
ing these questions, it was necessary to construct a shaking-machi 
capable of reproducing actual earthquake motions. The design of thi 
machine’ was begun in the fall of 1934. Construction was completed i 
the summer of 1935; and by September, 1935, the operation of the machinr 
was considered quite satisfactory for conducting the research. 

The research described in Part II should be regarded as only a pan 
of the program of tank-tower investigation that was originally plannec 
Limited funds made necessary the curtailment of the planned progranm 
with the result that the data are not nearly so extensive as could be desirec 
Sufficient engineering data have been obtained, however, to make possible fox 
the first time rational design of a fairly wide range of sizes of elevatee 
water-tank structures for seismic regions. 

Tt is not intended to suggest that the spring element design is the onl! 
practical solution to the problem. It is the only solution which thi 
writer has (to date) considered sufficiently practical for actual constructior 

The Model.—A three-dimensional model was constructed on a scale or 
1:25 to represent a 60000-gal tank on a 100-ft tower. Spring element 
were built into the model to simulate the new type of construction to bl 
investigated. 

The basic theory applying to models of water-tank structures was dis 
cussed® by the writer in 1935, who then showed that perfect geometrica 
sealing will result in dissimilarity unless the model tower is built of ; 


material having a modulus of elasticity of po times that of the stee 
p 

in the prototype (p and pm being the densities of the liquids in th 
prototype and model tanks, respectively; and A is the scale of the model) 
This means that if mercury was used as the liquid in the model, an 
brass (H = 13800000 Ib per sq in.) for the structural parts and tanl 
shell, then a geometrically scaled model with 4 = 29 would be entirel: 
satisfactory (with a minor correction for the density of the brass). _ 

A consideration of the hazards and difficulties involved in the use o 
a mercury-filled model led to the decision that this procedure should b 
avoided. This was done by means of a scale distortion analogous to tha 
applied in earlier studies. The expense of building an accurately mad 
geometrical-scale model of a water-tank and tower would have been ver 
great, and the problem of simulating riveted connections exactly to smal 
seale has not been solved. Fortunately, in tank towers of conventiona 
design, the structure is so nearly statically determinate that it makes littl 
difference whether the joints are rigid or pinned, as far as the dynamica 
behavior of the structure is concerned. Usually, they are somewhere it 
between, probably being nearer the rigid condition, except where the strut 
are actually pinned to the columns, as is sometimes the case. The eccen 


nt Civil Engineering, March, 1936; and Bulletin, Seismological Soc. of America, Jul) 


® Civil Engineering, August, 1935. 
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‘tricity of the members coming together at a joint is often of more 


consequence in affecting the tower stiffness than the degree of rigidity in 
the joint itself 


~ It was decided to make the joints of the model rigid (the prototype 


joints were riveted) and to preserve the eccentricities as they are in the 
‘actual design chosen for study. In this manner the net tower stiff- 
ness can be simulated closely by a simple model. 

In order to arrive at the model-member design required for a given 
‘over-all length scale, 1, the model theory’ referred to in Part I is merely 


extended to the individual parts of the structure.” The following relations 


are easily obtained: 


For structural members, 


ans SSA, B22 C1 IN ONE ha S) (2) 

An Pn E 
sles hn es Lom eA Wane, Cain, MeO naa eee (3) 

Im Pm E 

and, for thickness of tank and roof plates, 

3 

ae NES Be RR a vee ea cate (4) 

tm Pm EL 
‘in which A = area of member in prototype; Am = area of member in 
‘model; ¢ = plate thickness in prototype; tm = plate thickness in model; 
-I = moment of inertia of prototype member; and J» = moment of inertia 


of model member. The thickness scale for the tank and roof plates is 


eorrect only if the principal shell distortions are due to the bending of 


the plates and not to direct stresses. This is obviously the case for tanks 


type as explained in Part I. 


a practical impos 


of the type studied herein. 

It is important to realize that these relations, although resulting in true 
dynamical similarity, do not result in similarity of unit stresses, from 
which it is to be concluded that a model built according to these rela- 
tions properly represents the prototype, in so far as statical and 
dynamical deflections are concerned, to the point where elastic limit stresses 
are reached either in the model or in the prototype. Beyond this point 
true similarity ceases to exist, and the interpretation of the model results 
becomes a matter of judgment. Once the model deflections are known, 
it is a simple matter to calculate the corresponding stresses In the proto- 


iE : 
To satisfy, simultaneously, both the A and the —— -relations for 
m m 


i = 25 (the scale chosen) and PP — 1 (water in the model tank) is 


3 Pm as 
sibility for the sections comprising a standard tank 


t Bulletin, Seismological Soc. of America, July, 1934, pp. 170 to 230. 
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: E 
tower; but there is a simple solution of the problem. If the scale of —. 
mi 


is made correctly, the area scale can be corrected by artificially giving tot 
the members the compliance (force per unit elongation) they would haver 
if the area scale could be maintained. If C@ and Cm are the compliance: 
of prototype and model, respectively, it can be shown that for the model: 
in question the following relation must be satisfied’: 


In the present problem it was found that, when the proper ole -ratioc 
m 

was maintained, the areas of the model sections were invariably much too: 
large. Consequently, the introduction of additional spring action into: 
the members was necessary. Instead of altering the compliance of all thes 
members of the frame, it was found much more convenient to attach! 
2 appropriate springs to the diagonal rods: 
only in order to correct for the stiff-' 
ness of the tower as a whole. The 
reader will observe that the necessary; 
calculations are straightforward, thee 
model springs being chosen so thati 
with a horizontal load acting at ther 
tank, the total deflection in any ones 
Turnbucke Panel was made the same as it would: 
have been had all the members in the; 
panel been corrected. 

Fig. 13 illustrates the construction: 
of a typical joint; the correction: 
spring is above the joint and the spring: 
element below. The individual spring: 
elements were all completely calibrated,| 

assembled, and set for initial load and! 
" closure point before they were put’ 
into the tower. All connections were: 
joined thoroughly with medium hard! 
solder. The pins shown were inserted: 
De oes for construction purposes only. The: 
x nuts and turn buckles were secured! 

°. es with solder after final adjustment to: 
prevent their loosening during vibra- 
“ tion of the model. 
No. 4-48 Screw—?* The adjustment of the tie-rods gave: 
the only real difficulty in the entire 
work of building the model. This 
Fig, 13.—TyricaL Mopen Joint Detar, had to be done largely by gaging 
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0.04-In. Brass Tie Rod 


' 
s 


j 


May, 1937 ELEVATED WATER-TANKS 827 


Wie. 14.—1:25 ScaLp MODEL ON New SHAKING-TABLD 
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the uniformity of tension approximately by touching the rods laterally, © 


and depending on the results of load-deflection tests for making the final 
adjustments. Even after several trials the tension in the model was still 
found to be somewhat uneven. 

The completed model and shaking-table are shown in Fig. 14. The 
member representing the horizontal circular girder was made of 4-in. 
hollow square tubing. It was placed inside the tank for convenience, 
being so small relative to the tank diameter that its effect upon the water 
motions is unimportant. The choice of load-deflection characteristics for 
the model was based upon the behavior of various designs in earlier tests, 
where simple harmonic motion was used to simulate the earthquake motion. 


It was found subsequently that the choice of a closure point was not 
ideal (see heading, “Earthquake Tests; Undamped Spring-Equipped Tower, 


Tested Parallel to Sides; Motion N. 40° E.”). 

Fig. 15 shows the load-deflection characteristic experimentally deter- 
mined by pulling the model in the direction shown. (It is to be noted 
that loads, deflections, and periods throughout are given in terms of the 
full-sized structure, in order to avoid confusion as to scale relations.) <A 
slight shifting of these curves relative to one another vertically would 
make them coincide very well, the maximum shifting required being 
about 1200 lb. In the model, this amounts to about 85 grams, and _ rep- 
resents the variations in adjusting the initial tension in the twenty-four 
tie-rods. Considering the small scale used, it is doubtful whether much 
better uniformity of rod tension can be obtained practically, and there 
is no reason to believe that an actual full-sized structure would be more 
uniformly adjusted as to tension by a field gang. 

Shaking-table tests, first in the A-direction and then in the C-direction, 


showed no appreciable difference in dynamic characteristics. Indeed, this 
is what one would expect, since the natural period of the structure varies © 


approximately with the square root of the area beneath the load-deflection 
curve, which means that for amplitudes greater than 2 or 8 in. the period 
is not appreciably affected by the variations in the four curves. 

Damping was simulated by a solid friction device attached directly 
to the tank (Fig. 16). It was not considered possible to obtain reliable 
results by introducing friction into the twenty-four individual spring 
elements on such a reduced scale. The solid friction used in testing 
would closely approach the type of damping contemplated for actual con- 
struction. (See Fig. 17 for sectional assembly of a large unit equipped with 
damping device.) In fact, it is possible that a satisfactory element might 
_ be built more economically with pure solid (sliding) friction instead of 
the piston and cylinder arrangement shown in Fig. 17. 

The choice of solid friction (or the equivalent) as a damping medium 
instead of the more conventional damping proportional to velocity (or 
some power of velocity) is justified by a consideration of the stresses that 
might be set up by the latter in the case of fast ground movements. Con- 


owes 


stant-force damping limits the stresses to those produced by deflection, plus — 


a constant times the fixed damping force, regardless of the rate of change 
of deflection. 
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It will be noticed that the damping device shown in Fig. 16 does not 
exactly represent the damping to be derived from the spring elements, 
because the damping action of the latter is absent over the range of 
_ tower deflections indicated by Section A of Fig. 10. The difference in 
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Fig. 15.—LOAD-DEFLECTION CURVES FOR Fig. 16—DIAGRAM OF FRICTION 
TOWER EQUIPPED WITH SPRINGS DEVICH 


effect is small, however, and simply means that the damping force observed 
in the laboratory tests should be increased by 8%, or by 10% at the 
most, to secure the equivalent damping force required of the spring ele- 
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Fic. 17.—SHOCK-ABSORBING PLEMENT FOR TANK TOWER 
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ments for the same degree of earthquake resistance. (This has been) 
generously allowed for in Conclusion (8), “General Conclusions Drawn | 


from Research.”) 


The structural design assumed for this investigation is shown in Fig. , 
18. This design gives a calculated stiffness to the tower of 23 kips per in., 


of deflection before the springs begin to act. 


The model was transformed into a standard tower for later tests by’ 
connecting the tie-rods directly to the joints instead of through spring} 


elements. Fig. 19 (full line) shows the measured load-deflection curve for’ 
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Deflection of vec in Inches 
Fic. 18.—STRUCTURAL Fig. 19.—LoapD-DEFLECTION CURVE, STANDARD TANK; 
DESIGN OF PROTOTYPE ; TESTED aT 45° TO THE ToweEx SIDES * 
Trsts, Part II - 


this condition. The calculated stiffness of the structure in this investiga- 
tion is 44% greater than that-of the standard tank studied in Part I; it 
was designed for a horizontal load of 43.5 kips at the center of gravity 
of the tank, whereas the tower originally studied was designed for 19.5 
kips at the same unit stresses (18 kips per sq in., rod stress). The pur- 
pose of the stiffening was twofold: (1) The structure had to be built. 
somewhat stronger to enable it to withstand large deflections as a spring- 
equipped tower; and (2) it was desired to learn just how much benefit 
would result from a reasonable degree of strengthening in a standard 
tower. Curve C, Fig. 19, represents the load-deflection curve computed for 
the design shown in Fig. 18. (The calculations were made assuming no 
initial tension in the tie-rods.) 8 
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_ Testing and Recording Procedure—The model (see Fig. 14) was first 
tested statically to obtain the data in Fig. 15. Then it was mounted 
on the table of the shaking-machine so that the motion of the base was 
applied parallel to the tower sides. Later, the tower was turned through 
45° so that the motion was applied diagonally for reasons given sub- 
sequently. All tests (including those for load deflection) except one, 
were made with the tank full of water. 
né The motions used for testing the model dynamically were taken from 
the data on the Long Beach earthquake of March 10, 1933. These valuable 
data consist of tabulations of ground displacements at intervals of 0.120 
sec for the three components of that earthquake, as calculated from. the 
~ accelerograms recorded at the Subway Terminal Building, in Los Angeles, 
@alif. The two horizontal components were plotted on cross-section paper 
and, after eliminating some very long period waves which were obviously 
unimportant, a polar plot was made for each component. The polar plots 
“were made into optical cams® for driving the machine by cutting them 
‘along the plotted lines representing the ground motion. The cam for the 
~ component, N. 40° E, is seen in Fig. 14. No tests were made with the ver- 
tical component. (There is no direct evidence of dangerous earthquake 
stresses in the columns of steel tank towers due to vertical motions. Such 
column failures as have occurred appear to have resulted from poor details 
and not from true column failure in the proper sense of the word. How- 
ever, it would be very desirable to extend the investigation to include 
earthquake effects in the vertical direction. From this standpoint a spring- 
‘equipped tower would behave substantially like a standard structure.) The 
two horizontal components are referred to throughout as the Los Angeles 
_ motions, N 40° E and S 50° E. The reader will understand that they 
are motions of the Long Beach shock as recorded in Los Angeles (87 miles 
from the epicenter). 

A number of free vibration tests were made with the model as a spring- 
equipped structure (with and without damping), and as a standard struc- 
ture. As in earlier tests, the procedure was a sudden release from a 
‘pulled-back position. 

The procedure used in recording the motions during tests was essen- 
tially the same as that followed in earlier studies. For each test, the table 
motion, the deflection of ‘the tank relative to its base, and time marks, 
were recorded simultaneously on one photographie record. Free vibra- 
tion tests were recorded in the same manner. 

The arrangement for testing and recording is shown in Fig. 20. A rigid 
wooden framework moving with the shaking-table carries the recording 
mirrors and lenses so that the tank deflections are recorded directly. 
"The same frame also carried the friction device shown in Fig. 16. 
Free Vibration Tests.—All free vibration tests were made diagonally to 
the tower, in order to be consistent with most of the earthquake tests. The 
es of successive swings in the free vibration of the 


~ maximum amplitud : 
standard structure are given in Fig. 21(a) in terms of the percentage 


8 Bulletin, Seismological Soc. of America, July, 1936. 
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of the original pull-back before releasing, plotted against the pull-back: 
amplitude. One observes here about the same degree of linearity as in| 
the case of the smaller model investigated previously. The exact form of ! 


Fic. 20.—SrtT-Urp ror TESTING AND RECORDING ACTUAL HARTHQUAKE 
MOTION EXPERIMENTS 


the free vibration is not the same as beforé because the present model 
represents a stiffer structure. The absence of damping action is shown 
by the persistence of large amplitudes in the 5, 6, and 7 maxima. (By 
“damping” is meant the dissipation of energy (usually in the torm of heat) 
by the action of forces resisting motion.) 

It must not be inferred that because the amplitude has dropped to 
60% of the initial pull-back by the seventh swing that the stored energy 
has dropped to 60% of the original. The original energy has merely been 
changed from all potential to part potential and part kinetic (that is, the 
water is surging when the tank stands still at the end of a swing), 
the total energy being scarcely diminished in the first five to ten swings. 
Similar pull-back tests made by the United States Coast and Geodetie 
Survey” on full-sized structures show very little decrease in energy even 
after twenty to thirty swings of the tank. The absence of appreciable 
damping in standard tank structures and their foundations is the greatest 


® Special Publication No. 201, U. S. Coast and Geodetie Survey, pp. 75-95. 
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eer to making them earthquake resistant by any ordinary means. 
rom the free vibration tests, the principal period of vibration was found 


to be 13 sec (2-in. amplitude). The secondary period (mainly due to the 
water swinging in the tank) is about 2.7 sec. 
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Fig. 21.—FRmE VIBRATION OF TANK WHEN SUDDENLY RBLEASED FROM A 
PULLED-BACK POSITION 
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Fig. 21(b) shows graphically the free vibration characteristics of the 
spring-equipped structure with no damping acting. Here, a pronounced non- 
linearity is observed, as evidenced by the great deviation of some of the 
plotted lines from the horizontal. Comparing F ig. 21(b) with Fig. 15, one 
can obtain a further conception of the relation between dynamical and 
statical non-linearity. It will be seen that the more pronounced the non- 
linearity of the load-deflection characteristic, the more difficult it becomes 
to predict dynamical behavior. (In each ease, the water motion accounts 
for some dynamical non-linearity.) The-lack of damping is shown by 
the large amplitudes of the sixth and seventh swings in Fig. 21(b). 

The expression, “natural period of vibration,” has no real meaning when 
applied to the spring-equipped tower. In the free vibration records made 
in the pull-back tests, a complete assortment of periods appear, ranging 
from 3.5 sec to 1.5 sec, which, in general, vary with the amplitude, as is 
to be expected from the shape of the load-deflection curve. For amplitudes 
of less than about 1 in., this structure behaves dynamically like a standard 
structure having a principal period of 1.5, sec; the secondary period is 
then 2.7 sec. 

The effect of a small amount of damping is clearly shown in Fig. 
21(c), in which case the friction force used for damping was less than 
1% of the weight of the tank and water. Comparing Fig. 21(c) with 
Fig. 21(b), one notes not only a reduction in the amplitude of the first 
swing after releasing, but also a large decrease in subsequent swings, in- 
dicative of the beneficial effect of the damping. Furthermore, the non- 
linear character of the free vibration is seen to be masked by the damp- 
ing. It should be noted, also, that the application of the same damping 
force to the standard tank structure of Fig. 21(a) would have a very much 
smaller beneficial effect, probably about one-fifth or one-sixth of that 
obtained for the spring tower. 

There is another important observation to be made from the data in 
Fig. 21(c). After the large drop in amplitude from the initial pull-back 
to the first swing and from the first swing to the remainder of those shown, 
one might wonder why the decay in amplitude changes pace so abruptly. 
This phenomenon is due to the fact that friction applied to the tower 
dissipates energy only when the tower deflects. During the first two 
swings, the motion of the tower is large and considerable energy is dissi- 
pated; after this time, however, the water contains most of the remain- 
ing energy in the form of a wave motion inside the tank and this wave 
motion can only be damped out indirectly as it causes the structure to 
deflect slightly. Hence, the damping force acts primarily to dissipate 
energy that is likely to be harmful to the structure; that is, energy stored 
in the framework. ’ 

From the foregoing, the detrimental effect of baffle-plates inside the 
tank is easily visualized. Their effect could only be to throw more of 
the total energy into the structural frame and less into the wave motion 
of the water. In the case of very large and flimsy storage tanks, the 


; 
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 eapacity of the tank shells to withstand the surging motion of the water 


may well be questioned. The shells of the standard elevated tanks of 


_ capacities not greater than 100000 or 150000 gal are most likely quite 


= strong enough to stand the water forces, provided the strength of the roof 
is properly utilized to support the upper part of the shell. 


Spring Evement Design; Scate or Monet, 1: 25 


Earthquake Tests; Undamped Spring-Equipped Tower, Tested Parallel 


to Sides; Motion N 40° H.—The behavior of the undamped spring tower 


was first investigated by applying the Los Angeles, N 40° E, earthquake 


\ 


Maximum Deflection of Tank, in Inch 


motion to its base, the direction of motion being parallel to the sides of 
the tower. To insure the safety of the model, the amplitude of this 


motion was reduced by the factor, 0.72, of the actual earthquake amplitude. 
This factor is referred to throughout this paper as the “Amplitude Factor” 


and signifies the ratio of the testing amplitude to the amplitude of the 


actual earthquake as recorded by the accelerograph in the Subway Termi- 
nal Building, in Los Angeles. 


Tests made by applying the described motion at various speeds are 


% plotted in Fig. 22(a). The maximum deflection of the tank (relative to 


ies 
a 
np 


(a), MOTION APPLIED. PARALLEL TO (b) MOTION APPLIED AT 45° TO TOWER 
TOWER SIDES; AMPLITUDE FACTOR =0.72 . SIDES; AMPLITUDE FACTOR =1.05 


Rod Stress, s= 12.5 Kips per Sq In. 
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Fic. 22.—MaximuM DEPLECTION-TIME HacToRk CURVES, TOWER WITH Sprines; Nor 


Damprp; Los ANGBLES Morion, N 40° H. 


its base) occurring during the application of the earthquake motion is 


plotted against the time factor. The “Time Factor” represents the ratio 


of the duration of the earthquake in the test to the duration of the actual 
earthquake as recorded by the accelerograph. Thus, a time factor of 1.10 
denotes that 7 sec of actual earthquake occupied 1.10 7 sec in the test; 
that is, a time factor greater than 1.00 indicates that the motion was more 
slowly applied than the actual earthquake. Since as previously mentioned, 
all data in this paper have been expressed in terms of the full-sized 


structure, no attention need be paid to scale relations, and all the curves 


$ may be interpreted directly as if the tests had been made on the full-sized 


structure. . 

The horizontal broken line in Fig. 22, and in subsequent diagrams, is 
a reference line for comparing the various sets of tests. It represents 
the deflection at which a rod stress of 12500 Ib per sq in. is developed, 
and by noting the position of the curve of tank deflection relative to this 
line one can interpret the results in terms of stress. Fig. 15 will also be 
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found helpful in this respect. The reference stress line was chosen at the 
break-over point of the load-deflection curve (see Fig. 15). To be con- 
sistent, the same stress was used as a reference line for the standard 


tower data (see Figs. 19 and 25). It is for comparison only and does 


not represent “safe” or “working” stress. 

Fig. 22(a) indicates that without damping the spring elements cannot 
be considered very satisfactory because, although dangerous deflections are 
not reached anywhere on the curve, they certainly might be if the ampli- 
tude factors were raised from 0.72 to 1.00, or more. Two important 
conclusions were drawn from these tests. It was evident: (a) That damp- 
ing should be present if the Los Angeles earthquake records can be 


accepted as representing a possible kind of motion to be found in Nature; 


and (b) that it would have been much better to have chosen a structure 
capable of about double the maximum safe deflection originally chosen. 
In other wards, instead of having the springs close at a deflection of 
about 6 in., they should close as far out as the structure can safely be 
deflected (15 in. is a practical figure from the standpoint of column bend- 
ing and spring design, although 20 in. does not seem unreasonably large.) 

These two conclusions emphasize clearly the desirability of applying 


actual irregular ground motions for determining earthquake resistance of — 


structures. The first conclusion was suggested by earlier tests, using simple 
harmonic motion to represent the ground motion, but it could not be con- 
firmed. The second conclusion is a contradiction of what appeared to be 
a suitable spring-closure point based on the simple harmonic motion tests. 
The cautions already stressed regarding the interpretation of simple 
harmonic motion studies were proved to be entirely justified. 

Some discussion must here be given to the significance of varying the 


time and amplitude factors. Variation of the time factor can be inter-- 


preted in two ways: (1) With a given structure, varying the time factor 
makes it possible to find what effect the earthquake would have if it 
happened faster or slower, but with the character of the motion preserved 
as recorded; and (2) with a given earthquake, varying the time factor 


has the same effect as changing the natural vibration period of the struc- 
ture. In other words, by varying the time factor the experimental results” 


can be generalized considerably, whereas if only a time factor of unity 
is used the results can be applied only to one particular earthquake acting 
on one particular structure. 

The significance of varying the amplitude factor is - obvious. It makes 
it possible to generalize the results in another direction, so that the effect 
of the same motion changed in amplitude can be seen. 

Fig. 23(a) represents a series of tests following those previously 
described, the purpose being to find how the behavior of the structure would 
vary with changing amplitudes of the same earthquake motion. The 
time factor was held constant. These results show that the maximum tank 
deflection is very sensitive to small changes of earthquake amplitudes wheu 


peepee 
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no damping is present. They emphasize the correctness of Oonclusions 
(a) and (6), cited in discussing Fig. 22(a). No attempt was made to carry 
the amplitude factor near to unity for fear of over-stressing the model. 
Harthquake Tests; Undamped Spring-Equipped Tower, Tested Diago- 
nally; Motion N 40° E.—Since there were not sufficient funds available to 


0.675 0.700 0.725 0.750 0.775 0.800 0.80 0.85 0.90 0.95 1.00 1.05 
Amplitude Factor 
MAXIMUM DEFLECTION-AMPLITUDE Factor CURvES, TOWER WITH SPRINGS; 
Nor Damprep; LOS ANGELES MOTION, N 40° BH; Timm Factor, 1.02 


Maximum Deflection of Tank, in Inches 


permit building and testing a model to represent the design suggested by 


the tests just described, it was decided to turn the model so that the motion 


could be applied diagonally. In this position, the safe deflection is 
increased by a/ 9» and it was thought that the results would be interpretable. 

Fig. 22(b) (full line) is a plot of the results of a series of tests with 
earthquake motion at N 40° E applied diagonally to the tower and with an 
amplitude factor of 1.05. The reference stress line will aid in compar- 
ing with Fig. 22(a). In order to determine how well the diagonal tests 
could be used for interpreting the behavior parallel to the tower sides, 
Curve 1 was computed from the data of Fig. (22a), as if the structure 
were linear; that is, it represents the behavior of the tower under-the same 
conditions, as computed by compounding the tests parallel to the sides. 
The agreement indicates that it is probably safe to accept the results of 
the diagonal. tests as also applying to tests parallel to the sides of the 
same tower, by resolving into components as for a linear system. 

Of course, a direct interpretation can be made by noting that the 
diagonal tests merely represent a tower with a load-deflection character- 
istic somewhat different from Fig. 15. It makes no difference in what 
direction this characteristic is taken to be; the behavior is dependent only 
on the moving mass and the character of the load-deflection curve. 

From this study, it was concluded that applying the test motion diago- 
nally would serve the purpose quite well. Conclusions (a) and (b), cited 
in connection with Fig. 22(a), were further substantiated. 

A set of tests was then made to find the effect of changing the ampli- 
tude factor when shaking the structure diagonally. The results are plotted 
in Fig. 23(b). The form of the curve here closely resembles that obtained 
by varying the amplitude of the simple harmonic motion applied in earlier 
experiments (see Fig. 12(a)). Fig. 23(a) would show the same character- 
isties had the curve been extended far enough to the left. As long as 
the deflections of the structure do not pass the upper break in Fig. 15 
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(or the corresponding point for diagonal tests), the shape of the part of 
the load-deflection curve beyond this break has no effect upon the results, 
and one can just as well imagine that the break has been moved farther 
out to the right, as it should be. (The upper break in Fig. 15 is caused 
by the closing up of the spring elements. Its position can ‘be varied 
between wide limits by a proper choice of springs.) 

Earthquake Tests; Damped Spring-Equipped Tower, Tested Diagonally; 
Motion N 40° E.—The principal results of a large number of experiments 
are plotted in Fig. 24(a). As in Fig. 22(b), the testing conditions were 


(@) MOTION, N 40° £; AMPLITUDE FACTOR, CURVE 1, 1.10 AND ALL OTHERS, 1.05 


Rod Stress, 12.5 Kips per Sq In. (F'= 0) 
— 
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(b) MOTION, S 50° &; AMPLITUDE FACTOR, 1.05 
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Fig. 24.—MAxXIMUM DprLiuctTion-Timb Factor Curvius, TOWwkR WITH SPRINGS; 
DAMPING FORCE F, AS SHOWN; LOS ANGELES MOTION APPLIED 
AT 45° To Towemr SIDES 


the Los Angeles motion, N 40° E, applied diagonally with an amplitude 
factor of 1.5 (except as noted in the case of Curve (). The variation in 
time factor was extended considerably below unity when the maximum 
amplitude was made small enough by damping to insure the model’s 
safety. 

Within the limits of the damping force applied in these tests the 
maximum tank deflection progressively decreased as the damping was 
increased, the beneficial effect tapering off as the damping became greater. 
Since the maximum stresses set up in the tower members result from the 
maximum tower deflection and the frictional force acting together, it is 
obvious that there must be some optimum frictional force beyond which 
the reduction in maximum amplitude due to a further increase in friction - 
will be more than offset by the additional stresses produced by the increase — 
in the friction itself. That this point was not reached in the tests plotted in 
Fig. 24, will be seen by noting that increasing the damping force F, 
from 6380 lb to 7775 lb (or 1395 Ib) reduced the maximum deflection 
by about 1.2 in., which by Fig. 15 amounts to a reduction of more than 
3500 lb in the pull on the tower due to deflection; that is the net gain in 


{ 
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ee . 
reducing tower stress corresponds to a horizontal load of more than 2000 
Ib at the tank. 
_ The reasoning just given leads to the important consideration that most 
likely there are load-deflection characteristics much more desirable than 
that chosen for this particular study. Thus, it seems fair to conclude 
_ trom the data obtained that the same structural design, equipped with 
“somewhat more limber springs and adequate damping, would exhibit ' con- 
_ siderably lower stresses under the same earthquake conditions. The eco- 
nomic considerations involved in the choice of design could not be investi- 
‘gated with the funds available. Here is perhaps the most inviting field 
for future research, and it should be explored thoroughly if the new type 
of construction is to be applied to any extent in practice. 
z One set of tests was made with the amplitude factor increased to 1.10 
to observe the sensitivity of the damped structure to amplitude changes. 
Curve 1 in Fig. 24(a) is a plot of the results of these tests (frictional 
force = 7775 Ib). The maximum of this curve is only about 10% greater 
than that of the corresponding curve for amplitude factor (= 1.05), indicat- 
“ing that the amplitude sensitivity has been reduced to a reasonable value 
by the damping action (compare Figs. 23(a) and 23(b)). 
2 Limited as the data of Fig. 24(a) of necessity had to be, they demon- 
strate definitely the possibilities of the damped spring-element type of* 
~ construction as a practical engineering approach to the problem of building 
~ earthquake-proof tank towers, and perhaps some other types of engineer- 
ing structures as well. 
4 Earthquake Tests; Spring-Equipped Tower, Tested Diagonally; Motion 
‘3 S 50° E.—The effect of the S 50° E component of the Los Angeles motion on. 
_ the spring-equipped structure was found to be much less than that of the 
ms N. 40° E component. Fig. 24(b) is a plot of the results of tests made 
under the same conditions as those in Fig. 24(a) except for the different 
earthquake component. The tank motion proved to be so much more 
- gentle than that for the other component that, after exploring the response . 
of the undamped structure over a wide range of time factors, 1t was decided 
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to limit the damping tests to one set (7420 lb of frictional force). The ‘sig- 
nificance of these curves is obvious. (Compare the relative effects. of the 
two components on the standard structure, Figs. 25(a) and 25(b)). 
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Stanparp TowER; ScaLE Mopst, 1: 25 


Earthquake Tests; Standard Tower, Tested Diagonally, Motion S 
50° E.—It was felt that this research would be somewhat inconclusive with- 
out some experiments giving a comparison of the dynamical behavior of a 
standard rod-braced tower with that of a spring-equipped tower under 
identical earthquake conditions. Accordingly, the model was made to rep- 
resent the standard structure described in connection with Figs. 18 and 19. 
The S 50° E component was first applied because it was expected to be the 
gentler of the two. The motion was applied diagonally to the tower to 
allow the maximum possible safe deflection. (In the case of the standard 
tower, the load deflection characteristic is practically identical in all direc- 


tions, so that the tests described herein apply equally well to other 


directions.) The amplitude factor was fixed at 1.05 as before and a set of 


tests was made by varying the time factor from 1.28 to 0.96, at which point 


it was decided that it might be dangerous to the model to proceed farther 
without reducing the amplitude factor (see Fig. 25(a), upper full-line 
curve). 

In order to explore the response for smaller time factors, the es try: fac- 
tor was reduced to 0.54 and tests were made over a wide range of time 
factors. The results are plotted in the lower full-line curve in Fig. 25(a). 
Knowing the approximate linearity of the structure from statical and free 
vibration tests, it was assumed that the results obtained with the reduced 
amplitude factor could be extended fairly well to larger amplitudes by com- 
putation. The dashed curve in Fig. 25(a) shows how this assumption 
agrees with the facts. This curve was obtained by simple proportion 


from the lower full-line curve, each ordinate of the former being pt 


times the corresponding ordinate of the latter. 


0.54 


Earthquake Fests; Standard Tower, Tested Diagonally;: Motion N- 


40° H—It seemed wise to apply the N 40° E component with the reduced 
amplitude factor of 0.54 also, because of the danger of overstressing the 
model. Fig. 25(b) is a plot of the results obtained with this motion. 

The upper full-line curve shows the results observed with the ampli- 
tude factor set at 0.54. The dashed curve is calculated from the first 
by proportion so as to show the probable effect of an amplitude factor of 
1.05 upon the standard structure. The dashed curves in Fig. 25, therefore, 
may be compared directly with the curves in Fig. 24. 

The reference stress-line reveals a striking difference between the 
behavior of a standard structure and ‘that of a structure with springs and 
damping. It is obvious that under the same earthquake conditions, the 
stresses in the standard tower reach values two or three times as great as 
those in the spring-equipped structure having about 7000 lb of friction 
damping. This situation is brought about as follows: The rigidity of a 
standard tower, by giving it a relatively short natural period of vibra- 
tion, results in considerably smaller earthquake deflections than are pro- 
duced in a moderately damped spring-equipped tower with its longer period. 


ae 
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On the other hand, the rigidity of a standard structure is so much greater 
than that of a spring-equipped tower, that the beneficial effects of the 
decreased deflections are more than offset by the large forces required to 
produce them. 
- In Fig. 25, one is impressed by the small decrease in maximum tank 
amplitude as the time factor changes from 1.00 to 1.15. Recalling the 
second interpretation of the time factor variation stated in discussing Fig. 
22, it is clear that, as the time factor goes from 1.00 toward the right, the 
~ results indicate the probable behavior of a structure stiffened even further 
than the one chosen for the present research. Thus, at Time Factor 1.15 
the results may be interpreted as closely representing the effect of the earth- 


~ quake upon a tank structure having a natural period 


i z times that of the 


_ structure described in Figs. 18 and 19, and since the natural period varies 
inversely with the square root of the tower stiffness, the new stiffness would 
be (1.15)? X 23100 = 30500 Ib per in. This is 1.9 times as stiff as the 
_ standard structure studied in earlier investigations. To achieve this stiff- 
_ ness requires a surprising area of steel. 

Thus, it must be concluded that the degree of direct strengthening that 
is generally applied cannot be expected to insure the ability of the structure 
to withstand the earthquake motions in quéstions. (In this connection it 

is interesting to note that if the areas of the rods in the lower two panels, 
Fig. 18, are doubled, leaving the top rod areas as shown, the resulting earth- 
quake unit stresses will be increased by more than 15 per cent. The rod 
areas in Fig. 18 have been chosen to give a safe deflection much greater 
~ than that achieved in the usual “quake-proof” structure, in which no par- 
ticular attention is given to balanced design. Furthermore, the unit stresses 
— used in this design were very conservative—20 kips per sq in. rod 
stress at 10% gravity loading. Tf higher unit stresses are used, the natural 
period will be lengthened.) Although only the motions of one particular 
earthquake were available for these studies, the fact that the same conclu- 
sion was reached from the results of the application of simple harmonic 
motion in earlier experiments indicates that it cannot be ignored in any 
serious discussion of quake-resistant design for elevated water-tanks. 

That strengthening of towers, as now practiced by some designers, does 
generally serve to produce a better design with sounder structural details is 
not to be gainsaid; indeed, improvement in that direction is commendable 
and much needed. It must not be imagined, however, that the process has 
a rational dynamical basis. 

Earthquake Tests; Standard Tower with Tank Half Full, Tested Diago- 
nally; Motion N 40° E—The lower full-line curve in Fig. 25(b) repre- 
sents a series of tests made withthe tank half filled with water. All other 
conditions were kept the same as for the tests plotted in the upper full-line 
curve. These results help to answer the much-asked question about the 
behavior of a partly filled tank. ‘ 

The reduction in deflection in the half-full tests must not be attributed 
directly to the change in mass. It is brought about solely by the shortened 
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period resulting from the decrease in the ratio of mass to tower stiffness. 
Had the stiffness of the structure at the same time been reduced by one- 
half, the behavior would be closely represented by the upper full-line curve 
in Fig. 25(b). The dynamical behavior is purely a matter of the natural 
periods of the structure and is not directly dependent upon its physical 
proportions. 

That this is so may be verified by replotting the curve for the half- 
full tank, giving each point the same ordinate but multiplying its time 
factor by a/2. This procedure is equivalent to treating the results as apply- 


i 
ing to a full tank with a natural period —= times that of the actual full 


2 

tank studied. The result will be a curve to the right of Time Factor 1.08 
coinciding very well with the experimental curve for the full tank. 

Extending this reasoning in the direction of added mass instead of . 
decreased mass, it is evident that unless the tower stiffness increases in 
proportion to the capacity of the tank, the natural period will be greater 
than that of the structure taken as the prototype in the present research, 
which is the same as working to the left of Time Factor 1.00 in Fig. 25. 
Keeping in mind the fact that the natural period of the structure tested in 
these studies was about 1.3 sec, with a stiffness 1.44 times that of the 
original tank, one cannot avoid the conclusion that, for larger tanks and 
for tanks on higher towers, the natural periods cannot economically be made 
short enough to help matters very materially. (Mr. D. S. Carder has 
presented valuable data” on observed tank periods. In this connection, it is 
important to bear in mind that a small amount of initial tension in the 
rod-bracing can produce a natural period for small amplitudes which is 
considerably shorter than the natural period for amplitudes such as exist 
during an earthquake.) Besides, one. must consider the fact that non- 
rigid foundations will invariably lengthen the period of a structure, which © 
might annul, partly or totally, the beneficial effect of the increased tower 
stiffness. 
, It should not be inferred that the lengthened natural period brought 
about by the introduction of spring elements’is a’ desideratum; in itself 
it is to be regarded rather as an unavoidable, and not necessarily desir- — 
able, effect resulting from the necessity of providing a greater range of : 
deflection to the structure. The increased limberness makes it possible to 
introduce damping action into the system and requires a far smaller damp- 
ing force than would be needed for a stiff structure. 


CoMPARISON OF HARTHQUAKE STRESSES IN STANDARD AND 
Sprinc-Equippep Towers 


In comparing the earthquake stresses in the standard and spring- 
equipped structures one must take account of the fact that, in Nature, the 
two components of ground motion occur simultaneously, whereas they were 


Shwe 
2” Bulletin, iran aoa: Soc. of America, January 1936, eee I and II; also, Special 
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pe: 
_ treated separately in the laboratory work. This means, of course, that 
_ the orientation of the structure in question relative to the recorded com- 
_Ponents of motion is of importance. Since it is beyond the scope of this 
paper to compare the two structures under. all possible orientations, the 
“writer has chosen to compare them only when oriented in such a man- 
_ner that the standard structure has every advantage over the spring- 
equipped structure. 
. A study of Figs. 24 and 25 and of the laboratory records shows that, 
“if the recorded ground-motion components are simultaneously applied 
parallel to the tower sides for both structures, the standard tower will be 
stressed about 25% less than at its worst possible orientation, whereas the 
_ spring-equipped tower is oriented so as to receive within 5% of its 
worst possible stresses. ‘The comparison will be made on the basis of 
an amplitude factor of 1.05. 

The stress calculations involve only straightforward statical analysis, 

once the deflections are known from the experimental data (the gravity 
effect must not be ignored in computing the stresses). The deflections of 
the standard tower will be substantially the same regardless of the direc- 
tion of the applied earthquake motion, because the tower stiffness is 
substantially the same in all directions. The maximum deflections of the 
damped spring-equipped tower, however, will be somewhat greater parallel 
to the sides than in the diagonal direction for the same earthquake motion. 
‘In the following data, the deflections parallel to the sides are assumed to 
“be 35% greater than the diagonal deflections for the spring tower, which 
the writer considers a generous allowance. Data are also given for the 
ease in which no such assumption need be made. In the absence of com- 
plete data to determine the value of 35%, the writer has set what seems 
~ to be an upper limit, based on his experience with the system. He pre- 

fers the more direct interpretation of stresses given in the last paragraph 

of this section, since the element of estimation is there eliminated entirely. - 

For the standard tower under the conditions specified, the rod stress at 
a time factor of 1 would be more than 28 kips per sq in.; and for the 

"worst case (P = 0.82) the rod stress would be about 40 kips per sq in, 
' which is beyond the normal yield point. It is not necessary to postulate 
any great increase in the violence of the ground motions closer to the epi- 
center in order to explain the failures which occurred, knowing that few 
of the existing structures could safely withstand as much deflection as the 
structures studied herein, and that most of the larger ones corresponded to 
- time factors of considerably less than unity. 

As a matter of fact, some rods were stretched permanently in a tank 
tower situated 3.7 miles from the Subway Terminal Building, in Los 
Angeles, where the motions used in this research were recorded. This 
structure is a 100 000-gal tank on a 100-ft tower, and, at the time of the 

~ Long Beach earthquake, was braced for wind velocity of 100 miles per 
hr. At that time, it corresponded to a time factor of about 0.9. The cal- 

culated maximum rod stress for this structure, based on the experimental 
data in Fig. 25, proves to be 56 kips per sq in. for an amplitude factor of 
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1.05 and a time factor of 1.00, or 53 kips per sq in. for the earthquake as; 
it was recorded. (These high values, of course, are fictitious, since the? 
elastic limit of the material would be passed at lower stresses.) Failure? 
might easily occur, therefore. Several other tank structures within a few 
miles of the Subway Terminal Building also showed evidence of very / 
high stresses. Since, in these cases, there were indications of flaws in) 
material, workmanship, or details, they are not cited herein as numerical] 
examples. 

The stresses set up in the damped spring-equipped structure, under: 
identical earthquake conditions (allowing 35% extra deflection), prove to) 


: : 2 7500 lb: 
be quite low in comparison. With a damping force of about mee. | 


(parallel to sides) the rod stress at a time factor of 1 would be less thani 
10 kips per sq in. (compared with more than 28 kips per sq in. in the: 
standard tower). In the worst case (P = 0.88) the rod stress would be: 
less than 20 kips per sq in. (compared with a stress beyond the yield point: 
in the standard tower). Thus, even with a generous margin in favor of ' 
the standard structure, the damped spring-equipped tower shows a mini-- 
mum safety factor of at least 2 over the standard tower. A 25% increase } 
in damping would raise this safety factor to above 2.25; or, if a more direct : 
interpretation is desired (in which no assumption need be made as to) 
deflection increase parallel to sides), the following will suffice: Given a. 
tower whose load-deflection characteristic parallel to the sides is the same as | 
that of the tested structure in a diagonal direction, and given a damping | 
force of 7500 lb, the rod stress in the worst case (P =.0.88) would be less : 
than 19 kips per sq in. (minimum safety factor, greater than 2). It is' 
to be remembered that the assumed orientation is such as to give the: 
advantage to the standard structure by perhaps 20%, which was ignored in 
calculating the safety factors. 


GENERAL CoNcLusions Drawn FROM RESEARCH 


It is not intended to list herein a set of conclusions that may be read 
casually and without a careful study of the supporting text. Such a pro- 
cedure would be worse than useless; it might even be dangerous. Certain 
general. conclusions, however, can be drawn from the results of this research, 
provided the limitations and cautions already set forth have been thor- 
oughly digested. These conclusions are: 


(1) The standard type of elevated tank tower now in common use is 
poorly adapted for withstanding earthquakes of destructive intensity, both 
on acount of the absence of damping action and of its inability to with- 
stand large deflections. 

(2) A moderate degree of strengthening does not, and can ot improve 
the earthquake resistance of a standard tower very materially; that is, if the 
recorded motions of the Long Beach earthquake of 1933 can be taken as 
indicative of what may be expected in future earthquakes. The data from 
these motions indicate that a properly balanced strengthening is somewhat 
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better than a straight wind. design, but in the absence of a more general 
knowledge of possible earthquake motions, this conclusion cannot, of 


course, be accepted without reservations. (By “balanced strengthening” is 
meant strengthening of the tower bracing members in proportion to the 
loads they earry, as distinguished from the common practice of using the 


same rod size in two or more panels. The safe deflection of a standard 


 100-ft tower can sometimes be increased as much as 50% by a balanced 
‘design of the bracing.) 


(3) It would be impractical to provide sufficient safe deflection to insure 
the safety of the structure under all conditions by using springs without 
damping. Given a safe deflection of about 15 in., the undamped spring 


_ tower would probably fare better, on the average, than the standard struc- 
ture but its safety factor would not be dependable. 


(4) The presence of sufficient damping in a properly designed spring- 


Z equipped tower gives it a safety factor in stress of at least 2 over the 
standard structure which has been designed for a loading equal to 0.1g. 
Damping also provides a safety factor in the duration of violent motion 


that the structure can withstand—a quantity difficult to express numerically 


‘but of great importance. The damping required in the particular design 


investigated was found to be small enough to be easily achieved in prac- 
tical design (see Fig. 17). \ 

(5) The results obtained are restricted in scope, and they cannot be 
extended safely to apply to structures of much greater or much «smaller 
proportions than the tower actually studied. One must not resort to 


“engineering judgment” in dynamical problems unless one has had con- 
siderable experience with them. Practical limits for applying the present 
results might be 50000 to 100 000-gal capacities and 150 to 100-f£t tower 
heights, respectively. 


(6) The introduction of the proper spring elements does not endanger 


- the stability of the tower structure. Considered as a three-dimensional 


framework, it is necessary to investigate the effect of possible dissymmetry 
due to accidental differences in action between the elements on opposite sides 


of the tower. Although the model did not exhibit serious torsional effects 
_ from lack of symmetry, a good engineering design should specify hori- 


zontal panels of light rod-bracing at the strut levels, in order to eliminate 


any undesirable twisting effects which might be produced if some of the 


Ss 


damping devices failed to act properly. (The conventional spider can be 
adapted for this purpose.) 

(7) Baffle-plates inside an elevated tank would be detrimental within 

the limits of the tank size specified in Conclusion (5). 

(8) For designing structures within the foregoing prescribed limits of 

size, the following rules should result in a safe design: 

(a) Design the structural frame for a static horizontal load of one-tenth 
the weight of the tank and water applied at the center of gravity 
of the tank. The columns and struts should be designed so that 
the rod-bracing would fail first if the structure were tested to 
destruction by static horizontal loading. 


! 
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(b) Provide a set of springs such that, with the initial compression set) 
for a horizontal force at the tank equal to one-fiftieth of the 
weight of the tank and water, the tower can deflect at least 15 ini 
parallel to its sides before the springs close. 

(c) Design the stiffness of the springs such that at the point of closure 
the horizontal load is approximately equal to the design loa 
used in Conclusion (8a). 

(d) Design the individual spring elements so that the total tower deflec-} 
tion is about equally distributed between the panels (to avoid 
high bending stresses). 

(e) See that the bending stresses in the tower members are not excessive.) 
Use pin-connected struts if necessary, and reduce eccentricity tos 
an absolute minimum. The riser pipe should be equipped with: 
flexible joints if necessary and must be able to follow the tower! 
motions. : 

(f) The damping forces should be such that the energy dissipated by; 
damping during a motion of the tank (parallel to the tower sides) ) 
from its equilibrium position out to the maximum safe deflection) 
and back again, is approximately equal to 50% of the energy) 
stored elastically when the structure is at the maximum safe: 
deflection (parallel to the tower sides). 

(g) The total damping force should be distributed among the spring: 
elements in proportion to the stresses produced in the various’ 
rods by a static horizontal load at the center of gravity of the 
tank. The damping force need not be the same for an outward 
deflection as for the return to equilibrium, but that for the return 
stroke should not exceed about 85% of the wind-load initial 
compression setting; otherwise, all the rods may sag at times. 

(h) The damping force should be fairly independent of velocity. It 
would be a good rule to make the damping force corresponding 
to a tank velocity of 30 in. per sec (relative to the base) not 
more than 25% greater than that calculated by Conclusion (8f). 
The damping may be produced by simple sliding friction if 
desired, in which case the kinetic friction should be made equal 
to that computed by Conclusion (8f). 


REMARKS 


Relation of Tank Deflection to Ground Motion—The graphs in Fig. 26 
are reduced tracings of records made by applying the Los Angeles motion, 
N 40° KE, to the undamped spring tower, the damped spring tower, and 
the standard tower, respectively. The time factor is nearly identical for 
all cases and the scales given are self-explanatory. A careful study of 
the nature of the tank motion relative to the ground motion in the thrall 
diagrams will be found helpful to those who are not well versed in 
dynamics. 


. 
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In the first place, one observes that there is no simple relation between 
fank response and earthquake motion. The notion that statical force 
squal to the mass of the tank and water times the maximum ground accel- 
eration can be used safely for design against earthquake is seen to be 
ntirely without basis. 


Tank Deflection 
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(c) STANDARD TOWER (TANK FULL); 
AMPLITUDE FACTOR =0.54; TIME FACTOR =1.00 


z Fic. 26—TypicaL Recorps, Los AncaLtes Morion, N 40° HE, 
a: APPLIED AT 45° TO TOWER SIDES 


“3 Next to be observed, is the serious consequence of the lack of damping 
Shown in Fig. 26 (a) and Fig. 26 (c). In both cases, the structure con- 
tinues to vibrate vigorously after the main ground motions have subsided. 
The cases chosen for discussion are by no means the worst observed in this 
respect; on the contrary, they are quite typical. What might have happened 
had there been several more large ground swings immediately following 
those in the early part of the Long Beach earthquake can only be conjec- 
tured, but if such swings happened to be nearly “in step” with the already 
large tank vibrations shown in Fig. 26 (a) and Fig. 26 (c), collapse would 
have been almost certain. 

* It is to be regretted that the accelerograms taken in Long Beach proper 
could not be completely analyzed because of the overlapping of the com- 
ponents on the record. Consequently, there is no rational method by 
which to estimate the relative intensities at Long Beach and Los Angeles 
except by comparison of destructive effects, and this is admittedly not very 
satisfactory, However, it is fairly certain that the motions used in the 
4 
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present research cannot be considered as representing the worse conditionss 
to be designed against in an active earthquake zone, such as the West 
Coast. Hence, the desirability of adopting a generous and real safety) 
factor is apparent. 

In Fig. 26 (b) the beneficial effects caused by the addition of a moderates 
damping force are clearly shown. Comparing Fig. 26 (a) with Fig. 26 (b)) 
and noting that the damping is the only variable in the testing conditions,| 
one observes not only a very large reduction in maximum tank deflection,, 
but also a quick decay in the vibration after the violent ground motion has: 
subsided. Thus, there is a double benefit’ to be derived from the addition) 
of damping. The structure is enabled to withstand the violent motions and} 
is quickly made ready for more shaking if it should come. 

Possibility of More Economical Designs——Only one load-deflection char-- 
acteristic was investigated in the tests of the spring-equipped tower. Itt 
would be remarkable indeed if this should prove to be the best possible char-- 
acteristic. The effect of design variations in spring stiffness, initial com-- 
pression, spring closure point, and the corresponding variations in required! 
damping force need to be thoroughly investigated if the maximum economy; 
is to be attained. For example, consider a tank of 150 000-gal capacity on: 
a 125-ft tower; it would undoubtedly prove far more economical and just! 
as satisfactory to deviate widely from the rules stated in General Conclu-- 
sion (8), if the necessary information were available for guiding the design. 

Extremely Large Tanks.—The question of what procedure to adopt in: 
the case of very large tanks is to be answered only by research especially; 
directed to that end. As the diameter of the shell increases, the surging: 
action of the water must become more important, and the dynamical char-: 
acteristics of the system may be entirely different from the characteristics: 
observed in the present study. It is quite possible that baffle-plates may be: 
found necessary to prevent dangerous stresses in the shell in some instances. 

Size of Riser Pipe—lIt has been assumed in the foregoing discussion’ 
that the riser pipe is small (say, 6 in, to 12 in. in diameter), so that if! 
made of steel and provided with flexible joints, if needed, it can be forced 
to conform to the configuration of the swaying tower during an earthquake. 
Large risers, which in effect tend to act as stand-pipes of considerable 
stiffness, would be rather difficult to provide for in the spring type of cone 
struction. The very considerable vertically distributed mass of water in 
large risers presents a problem to which the results thus far obtained do 
not apply. 

The Element of Chance-—The ertent to which pure chance enters into 
the destructive effect of earthquakes is perhaps not generally appreciated: 
The orientation of the structure relative to the direction of the most violent 
motion; the location of the structure in the shaken region; the relation of 
the natural vibration period to the frequency spectrum of the earthquake; 
hidden structural defects; characteristics of tower parts at stresses beyond 
the elastic limit—all these are factors vitally affecting the behavior of the 
structure and all are matters of chance over which the engineer has no 
control whatever. 
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A careful consideration of the foregoing chance factors leads to an 
understanding of the difficulties confronting those investigators who have 
undertaken to formulate design rules based upon field studies of the effects 
of destructive earthquakes. For instance, there is the fact that a tank 
tower designed for a static force of 0.1g (the only one so designed to the 
writer’s knowledge) survived the Long Beach quake safely. This fact, 
apparently, has led a number of engineers to accept, tentatively, the 0.1g 
rule as satisfactory for elevated tanks. 

Now, had there been, say, forty or fifty tanks of random sizes designed 
by this rule and a like number designed for wind only, and had they all 
been fairly well scattered over the destructive region, then there would be 
a real basis for drawing conclusions as-to the superiority of one type to 
the other from field studies. As matters stand, however, about the most 
that can be concluded definitely from examination of the effects of the 
Long Beach quake ‘is that certain tanks did fail totally or partly; and, by 
examination of the damaged structures, weak points in the details can be 
brought to light and corrected in the future. To eredit the methods of 
design for saving those structures which did not fail, would lead to some 
awkward contradictions. 

Tanks for Municipal Supply—tIt is unfortunate that few municipal 
storage tanks are small enough to come within the scope of the research 
described in this paper. As far as importance to the community as a 
whole is concerned, these structures should receive by far the most serious 
consideration. It is to be hoped that it will be possible some day to 
extend present knowledge to this vitally important field. 
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HYDRAULIC TESTS ON THE SPILLWAY OF THE 
% MADDEN DAM 


: By RICHARD R. RANDOLPH, JR.,* Esq. 


Synopsis 

Several interesting and unique hydraulic tests have been made in 
‘connection with the Madden Dam project located on the Chagres River, 
in the Isthmus of Panama. A number of features of the design of the spill- 
way section, but principally a plan for dissipating the energy of the 
overflow at the toe of the dam, were developed from model studies. These 
‘studies are described in Part I? In order to check the resulting predic- 
tions, apparatus as nearly similar as possible to that used on the models, 
was installed in the prototype spillway at apportionate positions, as 
described in Part II. 
Field tests other than those on the spillway have also been made.* The 
‘discharge and loss in head through the needle-valve outlet conduits and 
the sluice-ways were measured. The efficacy of the air vents for these 
conduits was determined by measuring the quantity of air flowing through 


‘them at various heads and gate-openings. 


PART I—MODEL TESTS 
Tur ProJECT 


Madden Dam is a part of the Panama Canal project, being built 
primarily to create a reservoir for storing water to use for lock operation 
and for controlling floods. Power development is small and more or less 
“Gncidental. The dam is on the same river as that which forms Gatun Lake 
‘and is situated about 10 miles up stream from the point where the river 


flows into the canal. 


Norp.—Discussion on this paper will be closed in September, 1937, Proceedings. 
1With U. S. Bureau of Reclamation, Denver, Colo. ; formerly Associate Engr., The 
Panama Canal, Balvoa, Canal Zone 
2 2 Condensation of a renort by the writer to the Governor of The Panama Canal on 
Madden Dam Spillway Model Tests, dated February 1, 1932. 
- 8 The Military Engineer, Vol. XXVIII, No. 162, November-December, 1936, p. 438. 
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The principal features of the Madden Dam project consists of the maii 
concrete dam across the Chagres River, the power plant, an earth ani 
gravel-fill dam continuing from the left abutment of the main damr 
and several earth and gravel-fill dams across saddles around the rim of thi 
reservoir. The main dam is of the massive concrete straight-gravity typo 
consisting of an overflow spillway section across the river, with abutment 
sections on either side (see Figs. 12 and 13). It is about 974 ft long a 
the top and about 220 ft high at the maximum section from the lowes: 
point of the foundation to the top of the roadway. The spillway is divides 
into four 100-ft openings by three 12-ft concrete piers. Structural stee 
drum-gates, 18 ft high, are installed on the concrete crests in these openingg 

The flood water passing over the spillway crest has a drop of about 
173 ft to the toe at the maximum expected discharge of 260000 cu ft pex 
sec. The energy of this overflow will be more than 5000000 hp, and thi 
velocity at the toe will be about 100 ft per sec. With this energy exertee 
at the base of the dam it was considered advisable to devise means of dis: 
sipation so that the velocity would be checked enough to eliminate erosion 
of the foundation rock. 


THe Move. 


During the summer and fall of 1931, a model of Madden Dam was buill 
and tested at the Hydraulic Laboratory of the Colorado Agricultural Coll 
lege, at Fort Collins, Colo.*| The model of the spillway was built on : 
scale of 1:72, or 1 in. (linear dimension) on the model equal to 6 ft or 
the prototype. The spillway section, with drum-gates installed in the crest 
was reproduced accurately to scale. The power house was representec 
with the needle-valves discharging through the down-stream wall. The con: 
tours of the river bed below the dam were reproduced from surveys t 
represent the original rock and overlying earth and gravel deposits 
(Described in terms of equivalent prototype dimensions, this model hac 
four 100-ft gate-openings, a spillway crest at Elevation 232.0, and an apror 
width of 440 ft between side walls. The radius of the bucket is 60 ft 
For a flow of 260000 cu ft per sec, and the tail-water depth is approximatels 
80 ft.) 

Move. Tests 

Dentated Sill Apron.—In the original proposed design of the spillway « 
concrete apron, extending about 120 ft down stream from the toe of the dar 
with a dentated sill developed by Professor Theodor Rehbock® at the 
end, was proposed. This apron was level and at a low elon aetoe in orde1 
to follow the average rock level. 

Tests on a model of this set-up showed that the sheet of water flowing 
down the spillway cut through the tail-water, which was of. considerabl 
depth, at all stages of flow, with very little surface disturbance or loss iz 
velocity, and struck the dentated sill with terrific force. Fig. 1 shows ¢ 


* Engineering News-Record, July 14, 1932, p. 42. 
5 Transactions, Am, Soc. C. B., Vol. 93 (1929), p. 527. 
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eross-section along this apron (through the dentate) with the maximum 
expected discharge. Velocity measurements were taken at various points 
with a Pitot tube, and lines of equal velocity, converted to prototype scale, 
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have been drawn representing contours. The high-velocity stream is 
depressed by the back roll of water above the sill and elevated by the roller 
below the sill. This latter action, of course, relieves the river bed of 
erosion velocities. The upward deflected jet continues along the surface, 
however, at comparatively high velocities and erodes the river banks. 

_ The next step in the experiments was to substitute a sill with a solid 
vertical face for the dentated form. Various heights of this solid sill were 
tried, and it was found that a height of 6 ft was just as effective in pre- 
yenting erosion below the apron as the dentated sill 10 ft high. However, 
the surface flow conditions were unstable, the boil above the solid sill 
being much more irregular and fluctuating. The flow allowed through the 
dentates seems to stabilize this boiling, and there is little or no pulsation 
or surging in the tail-water, making the performance of the dentated sill 
more satisfactory. 
~ Tt would seem that a sill under these conditions should be made only 
Thigh enough to cover the range of the high velocities of the overflow jet 
along the bottom, and, consequently, its height would vary inversely with 
that of the dam, because the higher the dam the thinner the overflow 
sheet will be at the toe. For Madden Dam a satisfactory sill was one-thir- 
tieth of the total height of the dam. The height of the sill varies directly 
with the depth of water discharging over the crest. In the present case 
the sill was one-fifth of the expected maximum depth. Another factor, of 
less importance, is the depth of water that is to be flowing over the sill. 
The height of the sill is modified directly by the depth of the tail-water 
because the greater this depth, the thicker the overflowing jet will become 
in passing through it, and a higher sill is necessitated to cover the range 
of the thickened jet. A sill, or a series of blocks with no tail-water over 
them, is practically useless as the jet is merely sprayed into the air almost 
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as high as the original water surface, and falls to the river bed again 


' gaining nearly all its original velocity. There must be tail-water to floa: 


it away, so to speak, after the jet has been deflected from the river bedi 
Even then, the high velocity is merely transferred to the surface and maj 
erode the banks, and is undesirable. 

If any type of block sill is used on this apron, ‘entire denendetea 1 
placed on it for stopping the velocity, and a small break starting any; 
where would endanger the entire structure. Logs coming over the spillwag 
would be carried down by the high-velocity stream to strike directl] 
against the sill. The proposed dentated sill was 10 ft high and 30 ft wide 
involving a large quantity of concrete and form work in its constructiom 
The anchorage would have been difficult and expensive. Furthermore, : 
royalty would have had to be paid for using this type of sill. With thess 
inherent disadvantages to the use of a block sill, investigation of other 
devices for dissipating the energy of the overflow was started. 


Hypravuuic-J ump Apron 


Level Apron.—The feasibility of using the phenomenon of the hydraulii 
jump for energy dissipation was studied first. The dentated sill wa: 
removed from the apron. As stated before, this apron was low in the taill 
water, being at Elevation 60, and the depths over it at all stages of dis‘ 
charge were apparently too great to allow the hydraulic jump to form 
and high velocities persisted along the bottom for a considerable distance 
down stream. This can be seen in Fig. 2 which shows the distribution o* 
velocities when the tail-water is at its natural depth. 
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Fic. 2.—VeLociry Conrours ror FLow Over Lreveu APRON, WITH Dnrp oR NATURAL | 
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It was found that if the tail-water was lowered, the flow over the cres 
of the dam being kept constant, a certain point was reached at which the 
surface of the water became very turbulent and rose more or less abrupt; 
from the toe of the dam, thence flowing off in a quiescent state. In othe 
words, an apparently good hydraulic jump formation was taking place 
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The tail-water was adjusted to force the beginning of this jump as far as 
possible back on the toe of the dam without “drowning” it. This adjust- 
ment was made for several flows, and the required tail-water noted. 
A plot of these elevations against the discharge is shown in Fig. 38 as 


150 


© Adjustment to Force-Jump Back on Bucket 
a 4 Computed From Momentum Formula, Equation (1) 
140 
es Natural 
£130 4 Tailwater 
“ 20 ps fai AComputed d 
§1 Natural Tailwateryk ees ] 2 
3 Y* aes ° Yo 
#110 a > : 
Cc ited d 
8 IESE Q=262 000 
S 100 ke é 4 Cu Ft per Sec 
- k @=75 800 n—S_££-@= 135 000 Cu Ft per Sec 
° Cu Ft per Sec a 
= 90 x 
: ee Computed do 
= N 
< 0 50 100 150 200 250 3000 10 20 30 4p)" 50 60 70 
Discharge in Thousands of Cubic Feet per Second Velocity on Apron (E| 60), in Ft per Sec 
Fic. 3.—Tait-WaAtEeR DeprHs ReQuireD TO Fic. 4.—VELOCITIES AT VARIOUS DwnPTHS 
Causr THE Best HYDRAULIC JUMP PER- oF TAIL-WATDR FOR THE SAMD ELOW ON 
FORMANCE ON LEVEL APRONS AT DIB- A LrEvEL APRON 


-FERENT BLEVATIONS 


eircle points. A check made with a Pitot tube showed that such adjust- 
‘ments of the tail-water were producing the maximum retardation of the 
yelocities along the bottom. A Pitot tube was placed, and remained fixed, 
at a position within the jump and just off the floor of the apron, The tail- 
water was then varied and the resultant velocities, as indicated by the 
Pitot tube, were recorded. These velocities have been plotted in Fig. 4 
for three different discharges. Although the velocities from the Pitot tube in 
this position are not the average velocities of the sections, it is thought 
‘that the curves thus obtained, show a relative energy dissipation for 
‘the variation in tail-water depths. Note that there is a decided peak in the 
eurves that gives a definite tail-water depth to obtain a minimum resultant 
‘yelocity. These peak points are plotted on Fig. 3, represented by the 
erosses, and check closely the first adjustments. Computation of the depths. 
‘required to form the hydraulic jump, from the formula, 
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shows close agreement. These computed points are plotted as triangles in 
Fig. 3; V., or the average velocity before the jump, was .obtained from 


Pitot measurements, and, 


; ENE Tepe AGE hace ie Bee Peer renee (2) 

: Vi 

e. computed, in which ¢ = Cdé. (In the notation of this paper an effort 
as been made to conform with “Symbols for Hydraulics,”* compiled by a 
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Committee of the American Standards Association, with Society repr# 
sentation, and approved by the Association in 1929). 

It is seen, then, that the natural tail-water at the dam site affords to 
great a depth over this apron to allow the jump to form. In fact, : 
natural tail-water depths, the velocities are about as great as can exii 
along the bottom, as may be seen in Fig. 4. This is contrary to a somewha 
general acceptance that a deep tail-water is an assurance for the dissipatic 
of the overflow velocity. With the natural tail-water lowered to allow th: 
hydraulic jump formation, the rate of velocity retardation is much fastd 
and the final velocity, after the jump has been fully completed, is decided] 
less than occurs at the same distance down stream under high tail-wates 
This may be seen by comparing Figs. 2 and 5. Unfortunately, the see 
tion does not extend far enough down stream, in Fig. 5, to show th: 
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final point of complete recovery of the jump where the velocity has bee 
reduced to a minimum and is practically constant across the section. 

The surface rise in the jump for a flow of this magnitude is ver 
gradual, and the jump action extends for a considerable distance dow 
stream, although the point of beginning is forced back on the toe c 
the dam. A back flow or roller occurs along the rise. The highe 
velocities hug closely to the floor until gradually retarded. The flow line 
shown in Fig. 5 are typical although for smaller discharges the surfac 
rise is more abrupt and, consequently, the length of the jump is shortei 

The depths required for jump formation, obtained: by lowering th 
tail-water, are considerably less than the actual existent depths over a 
apron placed at this low level of Elevation 60. Since the natural tail 
water at the dam site is fixed, it was necessary to raise the apron to 
higher elevation in order to lessen the depths over it so that the jum 
would not be “drowned out.” This alteration was made to the mode 
the apron being raised 20 ft to Elevation 80 and the foregoing test 
were repeated. The jump formed well up on this apron at all flow 


4 
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although indications were that it could be raised 2 or 3 ft higher, which 
would cause a closer coincidence of the natural tail-water depths to those 
required to produce the best hydraulic jump. This is illustrated in 
Fig. 3. : 

Sloped Apron.—Although a close coincidence may be obtained there 
would be only one flow, theoretically, where the natural tail-water depth 
over the level apron would give exactly the depth required for the jump. 


‘It was thought that, if the apron was inclined, the jump could move up 


or down the slope until the depth required was encountered, regardless 
of the variations in the tail-water.. Furthermore, a considerable saving in 
concrete would result in this case because the sloped apron would more 
nearly follow the original rock contour. 

From the aforementioned experiments of the hydraulic jump on the 
level apron, it was found that the depths which caused the minimum 
floor velocities agreed closely with the theoretical depths for the jump 


formation as computed by the momentum formula. For the sloped apron 


the computation becomes involved, due to the necessity of considering the 
gravity component of the water in the jump and nothing satisfactory 
could be developed from attempts to adapt the formula to this condition. 
A formula that included this weight component would show that a greater 
depth is required for the jump, which simply means that it would form 


farther down the slope where this greater depth is encountered. Even . 


with this knowledge there is no method of predicting a satisfactory tail- 


“water elevation, one that would start the jump well up on the apron 
“at any flow. The difficulty lies in the fact that the datum plane is 


‘indeterminate, above which the required vertical depths are to be assumed. 


= The theoretical position of the jump can be,computed but it would not 
be known whether this position would start the jump well back against 


the face of the dam and yet not so far back as to “drown it out.” Unless the 
“jump starts well up on the apron, full use is not made of the apron 


length. The calculated position might start the jump some distance down 


‘the slope away from the face of the dam and, therefore, for equal pro- 
tection this length must be added to the pavement down stream. 


Apparently, the solution was a case of experimental “cut and try” and 


“a series of tests was made on aprons of various elevations and _ slopes. 


Fig. 6 shows tests on aprons of two different slopes. The apron first 
tested (Apron A) had a slope of 1 on 6.6, beginning at Elevation 84. The 


‘tail-water below this apron was adjusted so that the jump formed well 


up on the apron, starting back against the face of the dam. This con- 
dition was the first desired prerequisite. It is seen, however, that the 


required jump depths are less than the actual depths resulting from natural 
tail-water, indicating that the apron should be raised. This was done 


until it was found that an apron beginning at about Elevation 97 gave 
the best average results. The tail-water over this apron was adjusted 
until the jump was forced back against the face of the dam, as was the 


first procedure in the tests on each apron. A check was then made of this 
_ adjustment by measuring the velocities under various depths of tail-water. 
iy 
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A Pitot tube was placed, and remained fixed, at a point just off thi 
floor and near the end of the apron. The tail-water was raised and lowere 
until a depth was found which caused the least velocity to be registerec 
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Fic. 6.—TAaIL-WATER DEPTHS REQUIRED TO CAUSE Fie. T—VELOCITIES AT VARIOUI 
THH BST HYDRAULIC JUMP FORMATION ON DEPTHS OF TAIL-WATER FOR THI 


SLOPED APRONS AT DIFFERENT ELEVATIONS SamMbh FLOW ON A SLOPED APROK 


The resulting velocity curves, obtained from the Pitot tube readings 
are shown in Fig. 7. The peak points from these curves, indicating th: 
tail-water required for minimum yelocities, check closely the tail-wate: 
adjustments first made. The latter have been plotted, in Fig. 6, agains: 
the discharge to show the range of depths required for the best hydrauli 
jump formation. : 

Different slopes were tried, but apparently a slope of 1 on 4 was abou: 
as steep as could be used and still retain a good jump formation. Oy 
steeper slopes the overflowing jet cut under the tail-water with litt 
surface disturbance or consequent loss of energy. From a study of th 
curves shown in Fig. 6, indications are that if Apron A is raised, a close: 
average coincidence of the jump depths with the natural tail-water woulc 
be obtained than in the case with the raised Apron B. This leads to the 
thought that the shape of the jump curve may be varied by changing 
the slope of the apron. This curve could then be made to conform closely 
with any given natural tail-water curve by adopting a popes slop to the 
apron. 

The steepest apron that could be used would result in the greates 
economy in this case and sinée it was found that the depths of the 
jump over Apron B, beginning at Elevation 97.3, averaged closely witl 
the actual tail-water depths, this apron was adopted as satisfactory for th 
final design of the model. From later studies of the results of thes 
tests, the final construction plans were changed to lengthen the spillwa, 
apron by 30 ft and to lower the elevation of beginning of the slope 3 ft. 
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oA Both these alterations were seen to be beneficial. The jump curve for 
Apron B shown in Fig. 6 lies above the natural tail-water rating curve at 
the lower discharges, indicating that the natural depths are not quite 
sufficient to force the jump well up on the apron at these flows. It may be 
supposed that, since the tail-water depth is fixed by the rating curve, if 
the apron is lowered the depth over it is increased and more nearly 
approaches that required for the jump. 

a Lowering the apron will improve the jump formation at the lower 
stages of flow, which occur more frequently. At the higher discharges the 
Tequired depth of jump will fall slightly below the natural tail-water, but 
a factor of safety is so obtained in case the rating curve (which was 
extrapolated for higher flows) is less, or in case the natural tail-water 
is lowered at the dam site, by the erosion of the gravel beds down stream. 
Incidentally, the model tests showed that the tail-water could be lowered 
as much as 20 ft without the jump being swept off the apron. 

“a Extending the apron 30 ft farther down stream would furnish greater 
protection to the river bed and, as the slope was also flattened, the con- 
rete saved at the upper end was used to make the extension down stream. 
The apron as built at Madden Dam had a slope of 1 on 4.3, beginning at a 
‘point tangent to the bucket (radius, 60 ft) at Elevation 94.3 and extend- 
ing from this point 158.15 ft down stream with a still 5.7 ft high, having 
a sloping face at the end. 

Deflector Sill.—At all but the smallest flows the length of the hydraulic 
‘jump, or the point down stream where full recovery takes place, is beyond 
‘the end of the proposed apron. Theoretically the apron or protective pave- 
‘ment should extend down stream to a point where the bottom velocities have 
been reduced by the jump to an extent which will not erode the foundation 


‘rock. It was found from the tests that a small turn-up sill at the end 
‘of the apron would lift the velocities off the river bed below, but would 
‘not destroy the functioning of the jump. The thought was that if the 
“sill was too high, impact would result and the stream would be deflected 
“upward, thus “blocking out” the static pressure of the tail-water neces- 
‘sary for the jump. The tail-water might even be swept out between the 
‘toe of the dam and the sill. The sill should act only as a deflector, to 
lift the sheet of water just high enough to clear the bottom, allowing it 
to continue down stream where the velocities are dissipated in the normal 
‘action of the jump. 

Expected Jump Performance.—The action of this sill and the’ funetion- 
ing of the hydraulic jump on a sloped apron are shown in Fig. 8, which 
‘is a composite of some of the results obtained from the model tests on 
the final design of the sloped apron, under natural tail-water conditions. 
Ww. ater-surface curves, taken by point-gage measurements, are drawn for 
five different rates of flow, covering the entire range of discharge. Veloci- 
ties through each cross-section were measured with a Pitot tube. Velocity 
contours for the lowest flow only (but which are typical) have been drawn 
BY Fig. 8. Energy gradients, representing the maximum velocity heads 
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above the water surface at various stations, are shown for each discharge. 
The loss in energy through the jump is illustrated graphically, being greater 
and quicker for the smaller flows. Velocities in the overflowing sheets 
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Fic. 8—HyYpDRAULIC RELATIONS OF THH FLOW Over A MODEL OF THE MADDEN SPILLWAY! 
REPRESENTING NATURAL CONDITIONS FOR THE ENTIRE RANGE OF DISCHARGD 


just before they strike the tail-water were taken with a Pitot tube and 
were found to agree closely with Equation (2) when d, was measured with! 
a point gage. These velocities, especially at the higher flows, amounted 
to almost the theoretical values since the surfaces of the model were 
painted and sand papered to a very smooth finish. On the prototype struc 
ture greater loss in friction may be expected. Provision was made ati 
Madden Dam to measure this loss by installing Pitot tubes on the spill 
way toe. A factor of safety is obtained, however, by keeping the frictiom 
losses on the model low. 

The velocity, Vi, and the depth, d,, before the jump being measured im 
each case, the depth required for the hydraulic jump was computed from 
Equation (1). These depths, or d., have been plotted, in Fig. 8, parallel 
to the slope of the apron and at the points where they are crossed by; 
the tail-water elevations, projected up stream, a line is drawn as the locus 
of the theoretical position of the jump. It is perhaps significant that. 
these computed positions lie fairly close together near the center of the 
apron. 

As on a level apron, the highest velocities lie along the floor, becoming, 
gradually less toward the top with a reverse flow or back roll on the sur- 
face (see Fig. 5). At the beginning of the jump, pressures on the apron, 
as recorded from piezometers, lie slightly below the water surface, meas- 
ured with a point gage. This is probably due to the air content of the 
water. Pressure recorded on the up-stream face of the sill is little 
greater than the static pressure which indicates only slight impact. Pres- 
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sure recorded in the curve of the bucket at the toe of the dam is higher 
than the static depth of water, which may be attributed to the centrifugal 
force of the stream. 

e Retardation of the velocity of the overflowing sheet is not instantaneous; 
the highest velocities persist along the floor until gradually reduced and the 
jump is not fully recovered until some distance beyond the end of the apron. 
At a flow of 49500 cu ft per sec (see Fig 8), although the measured 
velocity of the water at the toe of the dam before entering the jump, 
‘was 89.3 ft per sec, the highest velocity obtained at the end of the 
apron was 16.8 ft per sec. This remaining velocity, however, is lifted clear 
of the river bed below by the deflector sill and about 40 ft farther down 
stream, at which point the jump action is practically completed, the mean 
velocity of the cross-section was less than 7 ft per sec. At the higher dis- 
‘charges the action is analogous but a greater length down stream is 
required to complete the full recovery. 

There is a similarity of action between the hydraulic jumps occurring 

on a level floor and on an inclined floor. The rate of velocity retardation on 
‘Apron B, Fig. 6, seems to be as fast as that along the level apron until 
the end of the slope is reached, after which the retardation is much slower 
‘and the velocities persist farther down stream than is the case when the 
jump occurs on a level apron. Apparently, the stream is taken down to 
‘depths too great to allow the jump to form completely. The steeper the 
slope of the apron the less perfect is the jump formation. The slope of 1 
on 4, adopted here for concrete economy, is about the steepest that can 
be used and still obtain a satisfactory jump formation. 
- The jump performance, as discussed in connection with Fig. 8, is 
typical for the total range of discharge over the spillway. At any flow the 
beginning of the jump is forced back against the face of the dam and. 
although the distance down stream required for full recovery increases 
‘with the discharge and extends beyond the end of the apron, the bottom 
velocities are lifted free from the foundation rock by the deflector sill so 
‘that no erosion results. It was found to be feasible, therefore, to shorten 
the length of the theoretical spillway apron considerably by placing a 
‘sill of the proper dimensions at the end. This apron need only cover 
‘the start of the hydraulic jump where the first impact and consequent 
turmoil occur. 

Fig. 9 shows the characteristic relations of the hydraulic jump when 
it is made to form on a sloped apron at the toe of an over-flow dam. The 
eurves have been obtained from results of these model studies, but it is 
‘believed they can be applied, for design approximations, to any installa- 
tion roughly similar to Madden Dam. The functions represented by the 
curves are directly proportional to the depth over the crest, and the height 
of the fall, and the values may be used for any dam where the ratio of 
these two factors is known. 

A datum line is assumed, usually at low flow, or no flow, tail-water 
elevation. A sufficient length of the apron must be above this elevation in 
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order that the beginning of the jump (which moves up stream at eachl 
increase in discharge) may occur on a flat slope. A good jump forma 
tion will obtain with the point of beginning on the curved surface of the 
bucket, but not if it is forced back on the steep slope of the down-stream 
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face of the dam. The jump should begin as far back as possible, howey r, 
in order to utilize the full length of the apron. For the maximum expect 
flow it should begin at the point of curvature of the spillway bucket from 
the face of the dam. 

The maximum expected tail-water is then used to determine the maxi- 
mum, ds, and the maximum, he, which locate the point of curvature for 
the bucket with the radius, r, as shown in Fig. 9. The slope of the apron 
should not exceed 1 on 4 and should be carried down at least to a deni 
represented by the function, dz. 

Friction Loss at Toe.——Measurements of the velocity through the. over: 
flow jet at the toe of the dam were made with a Pitot tube. They were 
taken at the same station at the toe, but for various depths of watel 
over the crest. The difference between the indicated near velocity heac 
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from the Pitot tube and the total theoretical velocity head (which is the 
‘yertical distance between water surfaces) was taken as the head loss. due to 
friction. The values thus obtained were found to be averaged closely by 
-a curve of the form: 


HO OLS AD cs cr 9s, doce (3) 

dy 
-in which H = the height of the dam, from apex of crest to toe; and, 
de = the depth of water over the crest, from reservoir level to apex of 


‘crest. Equation (3) should hold true for friction loss at the toe of any 
‘model dam similar to that of Madden Dam. This model was covered 
“with galvanized iron, enameled and sand-papered very smooth. Indica- 
tions from the tests are that the value, C = 0.0115, increases with the 
roughness of the surface and would be 0.0135 for models covered with gal- 
yanized iron which had not been painted or sand-papered. For concrete 
dams C = 0.02 was found to average closely the values obtained from the 
“prototype tests, discussed subsequently. 

~ Other Devices—Variations in the design of the apron were tried but 
‘none of them proved successful enough to be incorporated or to warrant 
‘a change in the sloped apron layout. Some of the alterations tested were: 
(a) The sloped -apron built in steps; (b) a channel or pocket below the 
“Tip of the bucket cut into the sloped apron; (c) a high spillway bucket 
designed with a vertical drop to the apron paving"; and (d) transverse 
‘channels or dentates cut into the high bucket (later used at Tygart 
Dam). Most of these alterations were attempted with the idea of saving 
‘concrete, as the apron was very thick at the toe of the dam after it had 
been raised to the necessary height to cause the hydraulic jump formation. 
- Later, this heavy apron was included in computing the stability of 
‘the dam, greatly increasing the factor of safety against earthquake stresses 
and also against sliding. The simplicity of design, the ruggedness of per- 
formance, and the adaptability to conditions at Madden Dam gave 
‘preference to the use of the plain sloped apron, with a small deflector sill, 
“¢o obtain the hydraulic jump; so that investigations of other devices for 
“dissipating the energy of the overflow were discontinued. 


Oruer Factors or Spituway Desicn 


Right Bank Excavation—In addition to the development of the spill- 
way apron, model tests were made to determine other features of the 
‘spillway design. The proper treatment of the excavation along the right 
‘bank proved difficult of a theoretical analysis. Immediately below the 
dam site, the river bends abruptly to the left and the original contours 
of the right bank protruded across the flow from the last spillway gate. 
The original design contemplated leaving this hillside in place and pav- 


ing the steep 1 on 1 slope for protection against the spillway flow. The 


- i 1935, p. 376. 
1 Engineering News Record, March 14, ' 
8 The Military Engineer, September-October, 1936, p. 331. 
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model tests showed that the hillside was too steep for the water to “ride” 
and, consequently, the flow slipped down into a concentrated jet at 
the foot of the slope and caused disastrous erosion down stream from the 
pavement. Alterations were tried in which this slope was made flatter, 
but little success was attained in attempting to make the water flow in 
a uniform sheet along a slope of almost any inclination, however slight 
A warped surface probably could have been developed that would carry its: 
share of the discharge but still no provision would be made for checking; 
the velocity of the water. A sill placed along the top was not very satis- 
factory as the tail-water over it became less and less up the slope and the 
flow was sprayed into the air, only to fall back on the unprotected bank 
below the apron. 

It was finally decided that the safest and most positive results woul 
be attained by cutting into the bank and extending the apron across the 
full width of the spillway. It was found possible to level off gradually: 
and raise the down-stream end of the sloped apron toward this right 
bank (see Figs. 12 and 13). However, the apron was kept down under 
the tail-water so that the depth of water over it was sufficient to form the 
hydraulic jump at any flow. 

Tail-Race Walls—Another problem that arose from the effects of this 
bend in the river below the dam was the checking of the eddy or reverse 
flow which naturally formed along the left bank. This eddy is accentu 
ated by the water surface in the hydraulic jump on the spillway apror 
which is at a lower elevation than the tail-water below the power house: 
This condition creates a difference in pressure and a cross-flow. Tha 
effect is detrimental to the functioning of the jump, causing an unbalanced 
condition resulting in concentrations of velocity. This reverse flow also tendd 
to deposit sand and gravel in the draft-tube openings and to set up surg, 
ings in the tail-race which might hinder the speed regulation of tha 
turbines. 

To remedy the condition a division wall was placed down stream from 
the power house to separate the spillway and turbine tail-race. Theo- 
retically, this wall should be high enough to prevent overflow into the 
spillway at any discharge and should extend down stream until the water- 
surface rise in hydraulic jumps levels out. It was found by experimenta- 
tion that if the height of the wall followed the actual surface rise in the 
jump, the over-pour on to the top of the jump caused no harm. Accord- 
ingly, the wall was built at this point 12 ft below the elevation of the max- 
imum expected tail-water, with a resultant saving in concrete. On the 
other side of the river, the hydraulic jump is contained by paving along 
the bank. 
Erosion Below Spillway Apron.—Prediction of the nature of the erosion 
likely to occur below the spillway apron was possible from the model studies: 
As previously “stated, the original gravel deposits in the river bed were 
represented on the model by building up the contours in sand (see Fig. 1). 
No attempt was made to graduate this sand to the scale of the model as 
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the objective was to reduce the velocities to a point where no erosion of the 
‘foundation rock itself would occur. Thus, erosion tests on the model 


were qualitative rather than quantitative. It was found that for the 


“smaller flows, up to a quantity representing 50000 cu ft per sec, the sand 


“contours were scarcely disturbed, but for larger flows the over-burden was 


washed from the right bank and river bottom below the apron and 


‘deposited as a bar across the main river channel. As successive floods 


free from sediment are passed over the spillway, this bar may be expected 


to move farther down stream and expose the bed-rock. The maximum 


“expected velocity to which this rock may be subjected is about 25 ft 


‘per sec moving along the surface without direct impact. From field tests 
‘in which specimens of the foundation rock were subjected to high velocity 


jets, no erosion is expected at this velocity. 

Drum-Gateé Operation—The proper operation of the spillway drum- 
‘gates was quickly seen from the model performance. The operation is 
necessarily fixed by the method adopted for dissipating the energy of the 


overflow. One of the first prerequisites of a good hydraulic jump forma- 
tion is to have the water enter the jump in a uniform jet of equal velocity 
‘across its entire width. This is readily accomplished at Madden Dam 


by opening the four spillway drum-gates simultaneously. The design of 
these gates allows for spilling over the top at any partial opening. If one, 
two, or three gates are opened, the jump on the apron is broken up by the 
impour of the adjacent tail-water. The water below a closed gate will 
be at a higher elevation than the surface rise of the water in the jump 
‘and a cross-flow will result. Although the jump is not completely “drowned 
out” it was found that concentrations of flow were set up which greatly 
aggravated the erosion below the apron. Except for the small flows, or for 


“yery short periods of time, it would be dangerous to open the gates singly. 


Discharge of Drum-Gates——In the crest of the model, the drum-gates 
were reproduced to scale. With the gates at several different positions of 
closure and the pond at various elevations, coefficients of discharge curves 
were determined by plotting values of C in the formula: 


Q == OOTATT Ook ne Se bara ee CE 


: against the head on the gate crest (see Fig. 10). In the tests the head was 


measured, in the customary manner, from the highest point on the gate 
to the water surface up stream where the velocity of approach was 
negligible. 7 

~ ¥rom these curves the maximum discharge of the spillway was deter- 
mined, and was found to be in excess of the design assumptions. 

The quantity of water that would discharge over the top of the gates 
in the fully raised position was found. This information was desired as 
it may prove advantageous to throttle the discharge by raising the gates 
after the peak of a flood has passed, in order to protect shipping in the 


‘eanal. Passage is interrupted when the flow exceeds 50000 cu ft per sec at 
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the point where the river and the canal join down stream. This was ond 
of the factors considered in determining the height of the drum-gates. 
Nappes and Pressures on the Crest.—At different gate-openings, witli 
various heads of water flowing over the crest of the gates, the outline 
of the surface curves were taken by means of a point gage. The pressures 
along the crest were obtained by piezometers. Fig. 11 with Table = 
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Fie. 11.—NAPPES AND PRESSURES ON SPILLWAY FOR VARIOUS FLOWS 


TABLE 1.—Test Runs Corresponpine to Fia. 11 


Ratio of flow, Q, in Ratio of flow, Q, in Head on 


Run No. cubic feet per second Run No cubic feet per second |’ crest, 
‘ in feet 
(1) (2) (1) (2) (3) 
1 50 200 A Ret 204 200 26.73 9 
Dive ve tics 99 800 Decca tah 258 400 31.728 
3. . 150 000 Ore Gee 253 500 31.01 


shows a typical set of curves taken for a condition representing the drum 
gates fully opened. It will be noted that a vacuum was recorded on thi 
down-stream face of the crest for all the flows tested. Preliminary analysi 
of the proposed crest by the flow-net method showed this vaeuum to exist 
and its effect was recognized in the design of the crest. A’ check of thi 
analysis was made by reproducing the assumed conditions on the mode 
A very close agreement was found in the pressures, both negative an 
positive, along the crest. However, the water-surface curve obtained on th 
model lay considerably below the water surface assumed for the compute 
tion, from the apex of the crest down stream. ; 
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Spillway Retaining Walls.—In order to check the height and stability 

of end retaining walls of the spillway, nappes and pressures against them 
were measured at various positions of the gates. The maximum possible 
ease was taken with the forebay at its highest elevation and the gates 
opening. It was found that as originally designed, the wall needed to 
be raised slightly and the outline changed in order to follow more closely 
the shape taken by the overflowing nappe. 
- At one position of the partly opened gate, this nappe rose nearly to 
the top of the wall for practically its entire length. Nevertheless, the 
velocity of the water was such that a negligible pressure was recorded 
against the wall, except at the very bottom where the jet has finally 
spread enough to cause impact. This impact amounted roughly to a pres- 
sure equal to the depth of water flowing over the crest of the gate. 
Other Features.—Other features of the design (not previously discussed 
herein), that were developed from the model tests included: The proper 
location of sluice-ways through the spillway section; the shape of the 
deflecting lip over the sluice-way exits; and the location of the control 
float intake, at the drum-gate. The sluice-ways, which were rectangular 
(5 ft 8 in. by 10 ft 0 in. high) discharged into the hydraulic jump on 
the spillway apron at Elevation 89.67, about the level of low tail-water 
(see Fig. 18). No serious interference with the jump formation was noted 
‘in the tests when the sluice-ways were located between the spillway 
gates; that is, below the spillway piers. The original plans were changed 
‘to move them to this location from the first position which was mid- 
“way between the piers. Over the exit, where the sluice-way comes through 
‘the down-stream face of the spillway section, a deflector lip, the proper 
‘dimensions of which were determined by experimentation, was placed to 
“relieve back pressure that may be caused by spillway flow. A check was 
made to be sure that no vacuum developed in the sluice-ways during the 
“flow over the spillway exits. : 

Considerable data were obtained on hydraulic jump performance, both on 
‘level and sloping aprons, which inclided velocity contours, water surfaces, 
“and pressures through the jump at various flows. Comparative data on the 
performance of gills of various heights and shapes were also secured. Per- 
“formance data were obtained on the action of the other devices previously 

mentioned for dissipating the energy of the overflow at the toe of ogee dams. 
Motion and still pictures were taken of nearly every set-up that was tested on 


the model. 


a Conciusions SUPPORTED BY Mopret TEsts 


Conclusions pertaining to model tests of Madden Dam may be stated 
on the basis of the foregoing data, as follows: 
. (1) The hydraulic jump is very effective in dissipating the energy 
of the overflow at the toe of ogee dams, the resultant velocities at the 
end. of the jump being little greater than those normally present in 
; the river channel during a given flow, if no dam were present. 
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(2) The jump can be formed and controlled best by placing a sloped: 
apron down stream, tangent to the bucket at the toe. It will move up or 
down the slope with variations in tail-water due to different discharge. 

(3) The elevation of the apron must be placed relative to the tail-water 
so that the depths over it will start the jump precisely at the toe of the 
dam, for all flows, in order that the total length of the apron may be 
utilized. 

(4) The slope of the apron should not be steeper than 1 on 4 A! 
change in the slope alters the shape of the required jump-depth curve: 
By adopting a proper slope to the apron a close coincidence may be obtained 
with the natural tail-water depths throughout the entire range of discharges: 

(5) The length of the jump, or the distance down stream required for 
full recovery, varies as its magnitude, increasing with the discharge. 

(6) The highest velocities through the jump occur near the floon 
until they are gradually retarded 

(7) The length of the spillway apron then should cover the range of 
velocity retardation until a point is reached where the velocities are low 
enough not to cause the river bed to scour down stream. 

(8) This apron length may be shortened by placing a sill, with a 
gradually sloping face, at the end to deflect the floor velocities just free 
from .the river bed below, until they are retarded in the natural actiom 
of the jump. 

(9) The jump should be protected or enclosed by vertical side walls 
to a height, at least, which follows the rise in the water surface through 
the jump, in order to prevent “washing out” by the cross-flow of the 
adjacent quiet tail-water. It is more desirable to have the side walld 
high enough to exclude the adjacent tail-water entirely. The walls should 
extend down stream to the point of full recovery where the water surface 
reaches the same elevation as that of the adjacent tail-water. 

(10) The water entering the jump should be of equal depth and veloaaed 
across the entire width; or, in other words, the discharge over the dam 
crest should be uniform. This is accomplished at Madden Dam, without 
the use of training walls for each gate, by simultaneously lowering tha 
four drum-gates to the same opening. 

(11) The hydraulic jump method is much more advantageous than any; 
other device for dissipating the energy of the overflow below dams. Tha 
design is simpler and more rugged when the energy is dissipated by 
the impact of water on water. The spillway is free from obstructions tha‘ 
may be damaged by logs and other debris coming over the dam.  Sillss 
piers, etc., to break the force of the water are expensive and difficult tc 
reinforce and anchor and are always liable to damage. .A break at any 
point creates a high velocity concentration, which starts erosion that may 
undermine the entire structure. Difficulties of repair are likely to prove 
costly as these sills, ete., are usually under a considerable depth of tail 
water; if they are not, they are practically useless in dissipating the energy; 


Conclusions (1) to (11) have been reached from the tests on- tha 
design of Madden Dam. The apron is placed, by experimentation, so that 
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a balanced effective hydraulic jump occurs well up on the apron at any 
given flow over the spillway. This is accomplished more easily at Madden 
Dam than elsewhere, perhaps, as the foundation rock was of sufficient depth 
‘below the natural tail-water so that an apron of the proper elevation and 
‘slope could be constructed. It is thought, however, that from the results 
of these tests, principles may be established that will allow the adapta- 
tion, at other projects, of this type of apron for obtaining the hydraulic 
‘jump. The tendency in later designs of overflow dams has been to use 
a sloped apron for obtaining the hydraulic jump as a means of dissipating 
the energy at the toe. Similar aprons were later used at the Norris Dam,’ 
and at the Hamilton Dam, in Texas. Preliminary designs for the Mar- 
shall Ford Dam, in Texas, and the Friant and Kennett Dams, in California, 
‘contemplate the use of this type of apron. 

- The effectiveness of the hydraulic jump and the possibilities of a 
sloped apron as a:means for controlling it were fully demonstrated by the 
model studies of Madden Dam. 


PART II—PROTOTYPE TESTS 


INTRODUCTION 


In order to check the model predictions and also to obtain hydraulic 
data on a full-sized structure, test apparatus was installed at Madden 
Dam similar to that used on the model. Piezometers were placed along the 

spillway crest of one gate in the sides of the spillway piers, and down 
the training wall. Provision was made to measure the water surface over the 
‘erest. Piezometers and Pitot tubes were placed at the toe of the spillway, 
to measure the head lost in friction, and along the length of the apron to 
“measure the velocity, lost through the jump. A gaging station is situ- 
ated just down stream from the dam for obtaining the quantity of water 
' flowing. 
The concrete apron built at the toe of the spillway is constructed on a 
“slope of 1 on 4.3, taking off tangent to the curved bucket at the toe and 
" terminating in a small sloped-face deflector sill. The dimensions are given 
in Figs. 12 and 13 which show a general layout of the dam. As stated in 
Part I this apron was adopted after extensive model tests had been made 
to determine the best method for dissipating the energy of the overflow. 

The largest flow that has been passed over the spillway to date (1937) 
has been about 32000 cu ft per sec. Complete model data for a direct 
comparison are not available at this relatively low discharge, but the 
results obtained are interesting and are indicative of the performance to 

be expected for greater flows. 


4 Nappes AND PRESSURES OVER THE CREST 


-_ he water-surface profiles of the flow over the spillway crest were 
obtained by dropping a heavy steel plumb-bob, attached to a steel tape, 


eee 
2 Civil Engineering, April, 1935. 
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from a platform which was suspended beneath the archway of the first 
drum-gate. At approximate 4-ft intervals along the center line of the 
gate, holes were cut in the floor of the platform and a known bench-mark 
was established near each hole, from which measurements of the distance 
to the water surface were taken. 

Pressures along the crest were taken from piezometers placed in the 
conerete and in the steel drum-gate itself, at positions as indicated in 
Fig. 14. The piezometer openings were connected by pipes to a mercury 


1 to 72 Scale Model 


i. a 
Equation 5 (a) 


+ 
iezometers 


Prototype 


Pressures 


1 on 0.075 


S= 


35 30 25 20 15 10 5 0 5 10 15 20 25 30 
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Fic. 14.—NAPPES AND PRESSURES OVER THE SPILLWAY CREST, 
FOR THE PROTOTYPE AND MOopEpu 


U-tube in one of the galleries of the dam. When there was no water flow- 
ing over the crest, the deflection of the U-tube at a known elevation of the 
lake, was taken as a datum, and subsequent readings taken during the tests 
were translated in elevations of the water columns above each piezometer 
opening. ; 

It will be noted that the pressures as recorded by the piezometers on 
the up-stream face of the dam lie above the measured water surface, indicat- 
ing impact. The pressures drop off rapidly along the crest due to the 
centrifugal force, reaching a negative pressure at a point on the down- 
stream side, showing a tendency of the jet to leap the crest. The model — 
tests showed that this tendency increased at higher heads; The vacuum 
thus produced was taken into account in the stability design of the crest, 
as its existence was early recognized. . 

Fig. 14 shows the nappes taken over the prototype crest for three heads. 
Three other intermediate heads were also taken for this position of the 
gate fully opened (lowered), and lie consistently between the ones shown. 
The piezometer pressures are plotted for the higher profile only, in ord 


~ 


- 
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“to avoid confusion in Fig. 14, but the pressures for the lower heads 
fall in a similar manner below the water-surface nappe in each case. A 
water-surface curve line of pressures taken on the model, is also shown in 
Fig. 14. This is the lowest head on which complete data were taken for 
the model tests. However, there is a remarkable consistency in the curves 
indicating similarity of performance. Nappes and pressures were also 
‘taken with the gate in three different positions of closure. 
= Many trials were made to obtain an equation for these overflow nappes. 
For water surfaces over the crest when the drum-gates were fully opened 
(lowered) the’ most consistent formulas that could be derived were as 
follows: 
For the model: 


SE (OAC Wee: O92) 1 POSH ot tase ns see ten Abd) 
and, for the prototype: 
Sr (0.0788 Hy — 0.208) 1.26698 eee, COU) 


“in which: + x and — y are co-ordinates of a point on the water surface, 
‘with the Y-axis at the up-stream face of the dam and the X-axis as the 
horizontal line of the reservoir level. The model formula (Equation (5a)) 
was derived from five measured nappes, at heads corresponding to a range 
from 11 ft to 31 ft over the crest. The prototype formula (Equation (5b)), 

was derived from points on five curves taken up to a maximum head of 7.78 
—t over the crest. Each formula showed close agreement with its respec- 
tive test points, within the range of the points actually taken. 

When applied to a head of 7.78 ft (which was the highest head attained 
over the prototype spillway), Equation (5a) showed close agreement with 
the actual measured water surface on the prototype On the other hand, 

Equation (5b) gave a profile much higher than the actual measured water 
surface over the model for a head corresponding to 11.3 ft over the crest 

(which was the lowest head measured on the model). In other words, the 
model formula could be extrapolated to check the prototype measurements, 

but the prototype formula, when extrapolated, would not check the model 
nappes. Equation (5a) seems to be more accurate for design approxima- 
tions, until further tests are taken to check Equation (5b). 
A row of piezometers was placed along the face of one of the end 
‘spillway piers. In general, the pressures recorded on these piezometers fell 
slightly below the profile of the water surface There was a noticeable 
disturbance at the end piers of the spillway. The slight drop below static 
- pressure which was recorded along this end pier may be due to the 

tendency of the flow into the gate to leave the side of the pier as it comes 

Gn from the dead end of the spillway. This disturbance could be eliminated, 
' perhaps, by extending the end piers a distance up stream, although in most 
instances this is not practical. At the intermediate piers, when adjacent 
gates are opened, there is no disturbance, the flow being symmetrical and 


uniform on both sides of the pier. 
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Piezometers were located along the drum-gate just beneath the down-- 
stream tip of the top skin-plate. These piezometers, however, did not indi-- 
cate vacuum for any of the flows attained to date. With the drum-gate: 
fully opened (at which position it conforms with the crest curve), the» 
vacuum (see Fig. 14) noticed at the higher heads occurs at a point down) 
stream from the tip of the gate. At any of the partly raised positions off 
the gate, there is no indication of a vacuum on the under side, the over-- 
flowing sheet of water being quite sufficiently aerated at the ends, through} 
the space behind the square end piers. Piezometers were installed in the: 
left retaining wall of the spillway, but the flows have not yet been high} 
enough to obtain readings from them. 


Spittway DiscHarcE 


Simultaneously, with the observations being taken at Madden Dam,, 
stream-gage measurements were made at the permanent station about 4 mile: 
down stream. The readings were made with a current meter at 1-ft depth, the: 
mean velocity being obtained by using a correction factor of 0.9. This factor ' 
(0.9) was established for the sta- 
tion after a long period of obser- : 
vations in which complete traverses | 
were made. Due to the high. 
velocity through the gaging section | 
of the river it was not possible to | 
make complete traverses during the | 
larger flows, and the 0.9 factor 
used may be in considerable error | 
for the higher discharges. It is 
apparent that to measure the dis- 
charge in a degree of accuracy com- 
parable with the model tests special 
apparatus must be used to hold the 


32 


28 


24 


20 


16 


Values of Head over Crest, /,, in Feet 


My current meter in the high velocity 

4 | water so that a complete traverse 

As eae uy of the section can be made. 5 
—Fauation 6 The results as obtained may 

a prove interesting, however. A curve 

of coefficients of discharge was com- 

He puted, using the simultaneous dis- 

charges taken from a rating curve 


of the gaging station established 
from readings taken during these 
tests. The equation of the coefficient 
curve for drum-gates fully ‘opened, 
ot “ 3 ~ J was obtained from the test points 

Values of C. in QacLH!® ” and showed that the coefficient of 
Fic, 15.—Corrrictents oy Discuarce discharge was a function of the 
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3 Fig. 15 shows a plotting of this coefficient curve, extrapolated by Equa- 
on (6) for heads higher than those tested, for comparison with the 

_ model coefficient curve, similarly extrapolated downward by the formula: 

ae 

xe Ora RONG Vay Se as POT Lae aehen sry Sie Aare cy A § (9 


% to cover the range of the lower prototype test heads. At the maximum 
| prototype test head of 7.78 ft over the crest, the indicated discharge is 
_ about 13% greater than that predicted from the model tests. Some of this 
aad may be due to the possible error in the stream gaging. There is an 
apparent definite discrepancy, however, as the two curves have marked 
_ different characteristics. 
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This discrepancy is interesting as it is a generally accepted procedure 
“to use directly, coefficients of discharge obtained from model tests. In 
some instances a great saving in spillway length can be effected if the 
_ true coefficient of the crest is known. The data are yet too meager to 
attempt a thorough comparative analysis, but it would seem that some 
factors affecting the model flow, such as capillarity action and viscosity, 


have not been given full cognizance. 


Vevocitizs ALona SPILLWAY APRON 
fixed Pitot tube nozzles were installed 


During construction a number of 
dicated in Fig. 16. The Pitot tubes 


along the spillway apron at positions in 
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consisted of a plate steel pedestal, 4 in. wide by 12 in. long, the plate being; 
bent to a stream-line shape, welded, and filled in with concrete. The 
bottom of the pedestals were embedded and anchored in the concrete 
and protruded 14 in. for some to 20 in. for others above the floor of the 
spillway apron. A piece of 1-in. pipe projected 4 in. from the up-stream 
edge of the pedestal at heights above the floor varying from 3 in. fon: 
those pedestals above tail-water, to 12 in. and 18 in. for those pedestals 
covered with tail-water. 

These projecting pipes or nozzles were connected by 1-in, pipes to a: 
manifold and pressure gage in the basement of the power station. Below 
each nozzle, but offset 2 ft to one side, were piezometers, opening flush withi 
the concrete surface of the apron. These piezometer openings were con 
ducted through separate pipes to a manifold and pressure gage in the 
_power station. The pressure gages were accurately calibrated previous to 
and during the tests. With any given flow over the crest, a number of 
readings were taken simultaneously on both the Pitot nozzle gage and the 
piezometer gage. The indicated water pressures were then plotted over 
each Pitot nozzle and piezometer as the kinetic and static energy, respec~ 
tively, at that point. Fig. 16 shows the plotting of such readings for the 
highest head yet obtained over the crest. The Pitot nozzles are situated 
just off the surface of the apron and will register the highest velocity; 
of the water through the hydraulic jump. This was found to be true fromi 
tests on the model (see Fig. 8). The indicated velocity, of course, is not 
the average velocity of the cross-section, but will show the relative change, 
which was the original objective of the Pitot tubes as installed. The loss 
in energy is great and occurs mainly just at the beginning of the jump. 
The flow off the end of the apron is of low velocity, not sufficient to register 
on the test apparatus. The effectiveness of the hydraulic jump in dissipat- 
ing the energy of the overflow is vividly illustrated by the sudden drop 
obtained in the energy gradient curve as shown in Fig. 16. 

Curves obtained from model measurements, taken at approximately the’ 
same points, have also been plotted in Fig. 16. The model discharge is 
higher but the similarity of the jump action is notable. Data for lower 
discharges were not taken on the model, due to difficulty of accurate meas- 
urement on so small a scale. 


Friction Loss at tHe Tor 


From the readings of the Pitot tubes on the apron, which were not 
covered by the tail-water during the tests, values of the velocity were 
obtained for five different heads over the crest, with the drum-gates fully 
opened. These velocities were used to compute the depth of the stream, 
the rate, Q, having been obtained from stream gaging below the dam. The 
difference between the velocity head as indicated by the Pitot tube 
readings and the theoretic velocity head (which is the difference between 
water surfaces) was taken as the loss in head due to friction on the over- 
flowing sheet of water. These rather crude Pitot tubes will not, of course, 


ice 
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a 

measure the true mean velocity of the stream, but a discussion of the 
‘friction loss as so indicated by them may prove interesting. It was found 
“that the average of the five readings obtained at different heads over the 
erest could be expressed by an equation of the following form: 


ny = HG + 4) 


.(8) 
in which h; = the friction head loss at a given station on the toe of the 
dam; fn = the friction coefficient depending on the roughness of the sur- 

face; q = the exponent of the depth, expressing a relation to the friction 


loss; H = the height of the dam, from crest apex to station on toe (factor 
involving the length of the channel, which is practically constant for all 
overflow dams); d,; = the depth of water over the crest, from reservoir 
elevation to crest apex; and H + d, = an expression of the velocity. 
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Fic, 17.—CurvES HXPRESSING FRICTION Loss AT TOR OF 
OVERFLOW DAMS, AS OBTAINED FROM OBSERVATIONS 
ON MODEL AND PROTOTYPH 


By averaging all test points, fn = 0.00934 and q = 0.623 were obtained 
so that Equation (8) becomes: 
_ 0.00934 H (H + 4) (9) 


hy q°828 


A curve of Equation (9) with the test points shown, has been plotted in 
Fig. 17. Extrapolation is made for comparison with a curve similarly 


‘obtained from the model tests (Equation (3)). 


: 
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The prototype curve can be made to fit the model-test points very; 
closely by changing the coefficient, fn = 0.00934 to fn = 0.00374, or 0.4 
of the prototype coefficient. The friction loss, then, occurring at the toe of; 
an overflow dam of any size, whether model or prototype, may be expressed 
by Equation (8) when fn is a coefficient of friction depending on the rough- 
ness of the surface, varying from fn = 0.00374 for the painted galvanized 
iron surface of the model, to fn = 0.00934 for the concrete surface of the 
prototype dam. The'formula is expressed in prototype values and the result-; 
ing friction loss, h7, must be divided by the scale of the model (in this case, 
72) to obtain the actual value in terms of the model dimensions. 

In attempting to check the theory that this difference in energy loss 
might be due to the roughness of the surface, numerous attempts weret 
made to apply the Chezy formula to the test points. Results varied, 
depending on assumptions, as to the mean velocity and the mean hydraulic 
radius. A constant, n, could not be obtained by substitution in Kutter’s! 
or Manning’s formula. Consistent values were not obtained until the meani 
velocity, Wm, was assumed to be the average of the velocity at the 
crest apex (see Fig. 11 and Fig. 14) and at the toe, and taking the means 
hydraulic radius, Rm, at the depth where this mean velocity occurs. A! 
formula was obtained in the exponential form which satisfied both the 
model and prototype test points within 8% =, as follows: 


1.233 
n 


Vn = gam ee” Cae ee ey (10)) 


in which S = = ; hp = the measured friction loss at the toe, from Fig. 17; 


ZL = the length of the spillway from the crest apex to the toe (the velocity, 


at the crest apex being 39 ; and, the velocity at the toe being taken from 


c 
the Pitot tube measurements); Vm = the average of the velocity at the cresti 


and at the toe; Rm = the depth at the point of mean velocity = =: 


I 
m 
= the discharge per linear foot of crest; and, n = the friction coefficient 


corresponding to Kutter’s n (taken as 0.009 for the model and 0.016 for 
the prototype). The values assumed for n seem logical. The model was 
enameled and sand-papered to a very smooth finish. Form marks left at 
the horizontal construction joints made the down-stream face of the proto- 
type dam unusually rough. It is indicated, then, that Equation (10) 
could be used for computing resulting velocities at the toe of dams, by 
substituting the proper value of n for the surface and solving in the same 
manner as that used to derive the equation. 

When and if further tests are made on the prototype at heads compar- 
able to the model data, the coefficient of the Pitot tubes as used could be 
obtained from tests on a model, resulting in more accurate data for 
determination of the friction loss. The comparisons that have been 
attempted show the possibilities. 

b 


j 
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4 Drum-GatE OPERATION 


- The correct procedure for operating the drum-gates was derived from 
the model tests, as previously discussed. It was found that in order to 
obtain the proper functioning of the hydraulic jump, all spillway drum- 
“gates should be opened to the same amount. To verify this model predic- 
tion, an attempt was made to measure the resulting erosion below the spill- 
Way apron, with various combinations of drum-gate openings. 
_ A schedule of tests was run in which, first only one gate was opened 
fully and allowed to spill for 3 hr, then all four gates were opened partly 
so that the same quantity of water was spilled as was passed through the 
one gate. The four gates were then allowed to spill for 3 hr. This same 
“procedure was repeated with two gates fully opened and then with the four 
“gates partly opened to pass the same quantity of flow; and, similarly, with 
“three gates. After each of these settings, soundings of the river bottom 
‘were taken in the tail-race below the apron for the purpose of comparison. 
The change in the profile of the river gravel was so slight, however, that 
“no definitely conclusive comparison could be reached. There seemed to be 
only a shifting of the deposits, with little movement down stream, at any 
“of the combinations tested. The gravel was moved at one place and 
‘piled up at another. There were indications, however, that the flow, with 
only one or two gates opened, tended to form concentrations and to erode 
channels that might be excessive if the discharges were greater than those 
attained during these tests. 
Fig. 18 shows a typical profile of the gravel deposits below the apron 
‘before and after all spillages in the aforementioned series of tests. It will 
‘be noted that the gravel has been smoothed off, but no erosion occurs below 
the lip of the sill, which is the vital point. Quite a depth of gravel 
Yremained over the foundation rock. At higher flows more severe erosion 
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: Fig. 18.—TypicaL Erosion BELOW APRON 


wh the over-burden may be expected, but it was found from the model 
tests that the sill eliminated the possibilities of scour undermining the 
n, at any flow. 

ee. 19 G a view taken from the spillway bridge showing the flow from 
“one gate only. Note that the adjacent tail-water crowds the beginning of 
the jump, causing the flow to concentrate toward the retaining wall. This 
oncentration produced excessive gravel erosion below the apron. ' 

A more positive indication of the effects of one gate operation was 
tained from readings taken on the Pitot tubes along the apron, which 


880 HYDRAULIC TESTS ON SPILLWAY OF MADDEN DAM Paperss 


were situated below Gate No. 1. If this gate were opened alone there wass 
a marked increase in the velocity along the apron as compared with thee 
velocity existing if all four gates are opened partly to pass the same flow. . 


Fic. 19.—VIgEw oF SPILLWAY BRIDGE, SHOWING INTERFERENCE WITH HYDRAULIC JUMP’ 
on APRON, CAUSED BY THE TAIL-WATER BELOW CLOSED GATES ; ‘ 
Fiow, 7500 Cubic Frnr PPR SECOND 


A visual comparison is readily made by referring to Fig. 20 which shows 
the same flow being passed over, all drum-gates, lowered to the same open- 
ing. 

Obviously, the best method is to operate the gates simultaneously which 
can be easily done because the drum-gates allow spillages over the top in 
any position, without detriment. The controls are designed to hold the 
gate in any position. Except for short periods, or at low heads, the indi- 
cations are that it would be dangerous to allow spillages from the gates 
opened individually. 


Concuusions: Hyprautic Jump PERFORMANCES 


At the flows over Madden Dam spillway to date, the performance of the 
hydraulic jump has been consistent with the predictions made from the 
model tests. The depths furnished by the natural tail-water have caused 
the jump to begin just at the toe of the dam at any flow. Fig. 21 shows the 
hydraulic jump at the toe of the dam for the maximum flow attained 
to date, of 31800 cu ft per sec. Fig. 20 shows the jump at a lower flow. 
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Fie. 20.—View FROM SPILLWAY Bripen, SHOWING HYDRAULIC JUMP ON APRON 3 
Fiow, 7600 Cusic FEET PER SECOND 


or HypRAULIC JUMP ON SLOPED SPILLWAY; FLOW, 


rig. 21.—VIEW 
eS 81 800 CuBIC FEET PER SECOND 


: 
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The loss in energy in the jump has been almost instantaneous and tha 
resultant eroston of the gravel deposits beyond the concrete apron, almost 
negligible (see Figs. 16 and 18). ; 

It will be noted from Fig. 17, that the measured velocity at the toe wa 
less on the prototype. This may be attributed to the difference in tha 
roughness of the surface of the model and the concrete dam, as discussec: 
previously. 

For other comparative measurements it was found that the nappe 
curves taken over the spillway crest on the model could be used to predict 
the prototype nappes within a reasonable degree of accuracy. The compara: 
tive pressures on the crest seemed consistent. An apparent increase waa 
obtained in the discharge over the crest of the prototype dam from that 
predicted from the model. All the model predictions were on the safe sides 
however. 

The foregoing prototype test data were obtained at comparatively low 
flows over the spillway and there are no corresponding model data avail- 
able for a direct comparison. Accurate and complete data were not takem 
on the model for very low heads over the crest for two reasons: (1) The 
model was built on a rather small scale (1:72) and very low quantities of 
discharge were difficult to measure; (2) the principal objective of the 
model experiments was to determine the best method to handle the larger 
and maximum flows safely, so that few data were obtained on flows less 
than a prototype equivalent of 50000 cu ft per sec. For greater flows 
however, complete and accurate records were obtained at various increments 
of flow up to the maximum expected discharge of 260000 cu ft per sec. 

The comparisons which have been attempted herein were made from 
extrapolations, but it will not be until these tests are completed for higher 
discharges that a comprehensive study can be made. From what has been 
indicated, many valuable and interesting data could be developed by 
further testing, which, in comparison with the model data, would establish 
a more reliable criterion for model similitude. 
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~ READJUSTMENT OF TRIANGULATION DATUM 
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The readjustment of the basic triangulation of the United States to the 
~1927 North American Datum created a problem to all organizations whose 
surveys were built on the basic system. Complete recomputation and 
_ readjustment being out of the question because of their prohibitive cost, 
~ the United States Geological Survey investigated methods of readjusting 
its earlier triangulation to fit the new datum by applying corrections to 
“the old datum values. Since the corrections are usually very small, approxi- 
_ mate methods of determination give reasonably precise results. 
Several methods of readjustment have been developed. When the sub- 
ordinate triangulation is tied to the new datum through a single base 
only, three methods are available: (1) Analytical determination of the 
_ new positions by applying formulas for translation, rotation, and linear 
ee seale change; (2) a graphical method for determining correction: by plot- 
fo ting lines of equal position changes; and (3) a mechanical method requir- 
_ ing an easily constructed transparent rotating guide. When the subordinate 
triangulation is tied to the new datum at three or more points, the new 
Bs ositions are determined graphically by plotting lines of equal position 
_ changes. The corrections to length and azimuth of the geodetic line are 
A determined analytically by formulas, or graphically on a nomographie chart. 
3 The methods herein described are applicable also to the adjustment of 


new triangulation. 


A 
é 


INTRODUCTION 


2 When the United States Coast and Geodetic Survey began its readjust- 
_ ment of the basic triangulation system of the United States in 1927, it 
f major importance to practically all other surveying 


‘ereated a problem o 
pee snizations in the country. All triangulation of lesser importance that 


Nore.—Discussion on this paper will be closed in September, 1937, Proceedings. 
1 Asst. Topographic Engr., U. S. Geological Survey, Washington, D. C. 
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had been computed from, or based on, the ares of the main plan, no longer: 
fitted these arcs as they were shifted or changed by the readjustment.; 
When the task of bringing all its accumulated triangulation data. “intor 
agreement with the new 1927 North American Datum was undertaken by; 
the United States Geological Survey, it was realized immediately that' 
direct recomputation from the original field notes was out of the question,, 
because neither time nor money would be available for the execution of! 
such a huge project. To avoid the necessity of complete recomputation,, 
various methods have been proposed and tried wherein the changes in the¢ 
main control system have been studied, in order to ascertain what changes: 
must be introduced into the subordinate triangulation to regain the har-- 
mony that had existed on the old datum, or to establish harmony where: 
none had existed before. In dealing with changes of position, direction, , 
and length, instead of with those quantities themselves, the magnitudes: 
of the terms in the computations are kept so small that simplifications: 
can be introduced readily without diminishing the accuracy of the final! 
results. 

Much of the old Geological Survey triangulation was originally; 
adjusted as spurs from single bases. Many of these ares have since been: 
made parts of closed circuits by later ties to other arcs but, in most eases, | 
the closing errors have not been distributed throughout the work. The adjust-. 
ment of the closures of these circuits simultaneously with the readjustment! 
to the 1927 North American Datum also was undertaken. 


Witson Mertuop 


The first rational attempt to readjust the old Geological Survey tric. 
angulation to the 1927 North American Datum by means of corrections: 
to the previously computed values, was made by R. M. Wilson, M. Am. 
Soc. C. E., Chief of the Computing Section of the Survey. His method | 
was fully and clearly described in a paper presented before the Federal’ 
Board of Surveys and Maps on April 11, 1933. The following is a brief | 
summary of his method. 

Many chains or networks of triangulation have been extended from 
single basic lines of higher order triangulation of the Coast and Geodetic 
Survey. In such a net, any change in the length, azimuth, or position 
of the base could be transferred to the remainder of the network without 
affecting any of the adjusted angles of the earlier figure adjustment within it. 
This being true, it is necessary only to determine the amount of change in 
the co-ordinates of the ends of the base, and the corresponding change 
in azimuth and length of the base. The entire system can be translated 
bodily to bring one end of the base into its new position; the system can 
then be rotated about this point to bring the base into its correct azimuth. 
If, finally, a uniform scale factor is applied to all lines of the system, 
the other end of the base can be brought into its correct position, and the 
entire system will be in harmony with the new datum. By means 
formulas developed by Mr. Wilson, the translation, rotation, and scale 
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“factors may be applied to all points in the triangulation net to determine 
their positions on the new datum, and all lines may be corrected by the 
uniform azimuth and scale changes. 

_ This method is limited in its application to those systems of triangula- 
tion that are developed from a single base and have no other ties to the 
new datum. In many nets, however, other ties have been made, either 
at the time of the original survey, or subsequently. “In. such nets, the 
“values obtained by this method would fit the original base perfectly, but 
would be likely to show discrepancies at the other tie points. For these 
conditions, other methods of treatment were found necessary. 


“TSoDIFFS” 


For those triangulation nets in which three or more ties to the new 
datum are available, a graphical method for the determination of the 
‘position corrections has been developed by OC. L. Nelson, Assistant Topo- 
< graphic Engineer, U. S. Geological Survey. 

~ On a scale map or tracing diagram of the triangulation net to be 
‘adjusted, all available ties to the new datum are indicated, and the proper 
corrections noted which are needed to bring the old values for latitude 
and longitude to the new datum. By interpolating along lines between the 
various ties, corrections may be obtained for intermediate points between 
the fixed tie-points. When enough of such values have been determined, 
it is possible to draw lines on the tracing representing lines of equal 
‘corrections, or of equal changes from the previous positions. This is 
‘yery similar to drawing contours on a map when the elevations have been 
determined at a number of fixed points. It will be necessary to have one 
set of lines for latitudes and another set for longitudes. These lines have 
“been named “isodiffs” (or lines of equal differences) and are also called 


(a) ISOLATS. (6) ISOLONGS. (c) COMBINED ISODIFFS. 
Fig. 1. 


“jsolats” and “isolongs,” respectively. Fig. 1 illustrates the construction 
of the “isodiffs” for the relatively simple case of three tie-points. 

- When the number of ties is greater’ than three, straight-line interpola- 
“tion between tie-points sometimes leads to inconsistencies. For instance, 
Gn the illustration in Fig. 2, if an attempt were made to interpolate along 


q 
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both diagonals, different values might be obtained for the intersection. 
Under such conditions, it is advisable to assume a value for the intersec~ 
tion which would be a weighted mean of the values obtained from the 
respective diagonals, and to proceed with the interpolation from that pointi 


as if it were a tie-point. 
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With the graph of “isodiffs” constructed on the tracing, it is necessary 
only to superimpose it on the plot of the triangulation plan, and the 
‘corrections to be applied to each station in the system may be read from 
its position on the graph, just as the elevation of any point on a con 
tour map may be read from the contours, this being the purpose for whick 
the graph is made. 

For example, in Fig. 1(c), the corrections to be applied to the old 
co-ordinates of Station A in the system to be adjusted, are read as + 0.08 
for latitude and + 1.22 for longitude. Similarly, the corrections to the 
co-ordinates of Station B are — 0.02 and + 1.18, respectively.. 

The construction and application of the “isodiff” chart will be expedited 
if different colors are used for the “isolats” and “isolongs,” as well as tc 
indicate the latitude and longitude corrections, respectively. For instance’ 
red may be used for latitude corrections and “isolats,’ and blue for longi- 
tude corrections and “isolongs.” 

It will be noted that the judgment of the adjuster is an important 
factor in the sketching of satisfactory “isodiffs,” and different men might 
conceivably obtain different sets of lines from the same data; but experi- 
ence has shown that for practically all cases where three or more ties 
are available, excellent results can be obtained by this method. The “per- 
sonal factor,” furthermore, is not as serious a disadvantage as it might 

appear, since it is inherent in almost any method of adjustment ir 
which a number of independent conditions must be satisfied. Even the 
application of the standard method of least squares is not altogether free 


from it. 
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The proper application of the “isodiff” eraph gives corrections to be 
ed in obtaining new values for the positions of \the triangulation sta- 
ms, but does not yield any new information concerning the lines con- 
cting the stations. For this purpose, the following formulas have been 
veloped by the writer. 


New Formutas 


When the required position corrections have been determined for the sta- 
ms in a system and applied to the old values to bring them to the new 
tum, the lines connecting the stations are ready for readjustment. 
though the inverse geodetic position computation could be used to 
termine the desired values for the lines on the new datum, sufficient 
ecision can be obtained, at a considerable saving of time, by the use 
approximate methods for the determination of the corrections to the 
1 values. 

To do this, consider a line connecting Triangulation Stations A and B 
Fig. 3, with a length equal to s and azimuth at Station A equal to %. 
ie corrections to the position of Station A (as determined by “isodiffs” or 
any other means) are dd, and di, and to the position of Station B, dd, 
d dds. If the line is translated by — dd. and — dds, no change in its 
wth or direction will take place. Then, the resulting relative changes 
latitude and longitude at Station B will both be 0, and the changes at 
ation A will be 86 = dd, — dd: and 8A = dhi — dh These latter 
lues represent the net change within the line, AB, or the relative change 
one end with respect to the other, and are the values that cause what- 
sar change there may be in the length or in the azimuth of the line. 
Before they can be used in the computations, $4 and $A must be con- 
rted from seconds of arc to meters by the formulas: 


Dd wies, CO UBh mre sac heel Ls ba 
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e conversion factors, Q and R, represent the length on the earth’s sur- 
eof 1” of are of latitude and longitude, respectively. The factor, Q, 
ries from 30.77 m at Latitude 25°, to 30.90 m at Latitude 50°, and a 
an value of 30.83 m has been assumed as sufficiently precise for all 
‘nts in the United States. The value of R varies more rapidly (see 
ble 1). ‘ 

If Dé and D) are plotted at Station A to an enlarged scale, Point A’ 
ig. 3), represents the new position of Station A with respect to Station 
(to the distorted scale), and the total displacement of the station is 
resented by AA’. If this is projected on AB, then AF represents the 
ear change in AB (to the scale of the plot) and A’H is a measure of 
rotation of the line. The angular rotation at Station B (to bring BA to 


| ao, = Pe Be , approximately, = ee ,» approximately ; 


A’B sin 1” s sin 1” 
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TABLE 1.—Vauues or R 


Length, R, 
on the earth’s 
Latitude,} surface, of Latitude, 


Length, R, 


on the earth’s : 
surface, of |Latitude, 


Length, R, 


on the earth’s 


surface, of |Latitude, 


Length, 


on the earth’s| 
surface, of |Latitude,| : surface, ofp 


R, 


P aper 


Length, RI 
on the earth 


: i i i 1 second oi 
¢, in 1second of | ¢,in 1second of | ¢,in | 1 second of | ¢,in | 1 second of | ¢, in ( 
e longitude, | degrees | longitude, | degrees} longitude, | degrees longitude, | degrees longitude, » 
ep in ates : in mated in meters in meters in meters : 
(1) (2) (1) (2) (1) (2) (1) (2) (1) - 
28.94 30 26.80 35 25.36 40 23.72 45 21.90 
4 27.81 31 26.53 36 25.05 41 28:37 46 21.52 
27 27.57 32 26.25 37 24.73 42 23.01 47 21.13 
eee | ee 8 Re ee ae 
oe ria - ee ae Sid PR sa, Ne ee 50 19.92 
TABLE 2.—Vauuges or Factors C anp K 
Factor Factor || Factor Factor || Factor Factor || Factor Factor 
6} log s K C og s K C og s K C log s K 
(1) (2) (3) (1) (2) (3) (1) (2) (3) (1) (2) (3) 
43.4 4.000 | 20.61 33.4 4.114 | 15.86 23.4 4.269 | 11.11 13.6 | 4.504 6 . 46% 
43.2 4.002 | 20.52 33.2 4.117 | 15.77 23.2 4.272 | 11.02 13.4 | 4.511 6.36 
43.0 4.004 | 20.42 33.0 4.119 | 15.67 23.0 4.276 | 10.92 13.2 | 4.517 6.27" 
42.8 4.006 | 20.33 32.8 4.122 | 15.58 22.8 4.280 | 10.83 13.0 | 4.524 6.17" 
42.6 4.008 | 20.23 32.6 4.125 | 15.48 22.6 4.283 | 10.73 12.8 | 4.531 6.08! 
42.4 4.010 | 20.14 32.4 4.127 | 15.39 22.4 4.287 | 10.64 12.6 | 4.537 5.98! 
42.2 4.012 | 20.04 32:2 4.130 | 15.29 22.2 4.291 | 10.54 12.4 | 4.544 5.89! 
42.0 4.015 | 19.95 32.0 4.133 | 15.20 22.0 4.295 | 10.45 12.2 | 4.551 5.79 
41.8 4.017 | 19.85 31.8 4.135 | 15.10 21.8 4.299 | 10.35 12.0 | 4.559 5.701 
41.6 4.019 | 19.76 31.6 4.138 | 15.01 21.6 4.303 | 10.26 11.8 | 4.566 5.601 
41.4 4.021 | 19.66 31.4 4.141 | 14.91 21.4 4.307 | 10.16 11.6 | 4.573 Socal! 
41.2 4.023 | 19.57 31.2 4.144 | 14.82 21.2 4.311 | 10.07 11.4 | 4.581 5.41. 
41.0 4.025 | 19.47 31.0 4.146 | 14.72 21.0 4.316 9.97 11.2 | 4.589 5.32! 
40.8 4.027 | 19.38 30.8 4.149 | 14.63 20.8 4.320 9.88 11.0 | 4.596 5.22! 
40.6 4.029 | 19.28 30.6 4.152 | 14.53 20.6 4.324 9.78 10.8 | 4.604 5. Bi 
40.4 4.031 | 19.19 30.4 4.155 | 14.44 20.4 4.328 9.69 10.6 | 4.612 5.03% 
40.2 4.033 | 19.09 30.2 | 4.158 | 14.34 20.2 4.332 9.59 10.4 | 4.621 4.94: 
40.0 4.036 | 19.00 30.0 4.161 | 14.25 20.0 4.337 9.50 10.2 | 4.629 4.84: 
39.8 4.038 | 18.90.|| 29.8 4.163 | 14.15 19.8 4.341 9.40 10.0 | 4.637 4.75: 
39.6 4.040 | 18.81 29.6 4.166 | 14.06 19.6 4.346 9.31 9.8 | 4.646 4.65: 
39.4 4.042 | 18.71 29.4 4.169 | 13.96 19.4 4.350 9.21 9.6 | 4.655 4.56) 
39.2 4.045 | 18.62 29.2 4.172 | 13.87 19.2 4.354 9.12 9.4 | 4.665 4.46) 
39.0 4.047 | 18.52 29.0 4.175 | 13.77 19.0 4.359 9.02 9.2 | 4.674 4.37’ 
38.8 4.049 | 18.43 28.8 4.178 | 13.68 18.8 4.364 8.93 9.0 | 4.683 4.27' 
38.6 | 4.051 | 18.33 28.6 | 4.181 | 13.58 18.6 | 4.368 | 8.83 8.8 | 4.693 | 4.18) 
38.4 4.053 | 18.24 28.4 4.184 | 13.49 18.4 4.373 8.74 8.6 | 4.703 4.08) 
38.2 4.056 | 18.14 28.2 4.187 | 13.39 18.2 4.378 8.64 8.4 | 4.713 3.99! 
38.0 4.058 | 18.05 28.0 4.190 | 13.30 18.0 4.383 8.55 8.2 | 4.724 3.89! 
37.8 4.060 | 17.95 27.8 4.194 | 13.20 17.8 4.387 8.45 8.0 | 4.735 3.80! 
37.6 | 4.063 | 17.86 27.6 | 4.197 | 13.11 17.6 | 4.392 | 8.36 7.8 | 4.746 | 3.70) 
37.4 | 4.065 | 17.76 27.4 | 4.200 | 13.01 17.4 | 4.397 | 8.26 7.6 | 4.757 | 3.61 
37.2 4.067 | 17.67 27.2 4.203 | 12.92 17.2 4.402 8.17 7.4 | 4.768 3.51 
37.0 4.070 | 17.57 27.0 4.206 | 12.82 17.0 4.407 8.07 7.2 | 4.780 3.42) 
36.8 | 4.072 | 17.48 26.8 | 4.210 | 12.73 16.8 | 4.412} 7.98 7.0 | 4.793 | 3.32! 
36.6 4.074 | 17.38 26.6 4.213 | 12.63 16.6 4.418 7.88 6.8 | 4.805 3.23) 
36.4 | 4.077 | 17.29 26.4 | 4.216 | 12.54 16.4 | 4.423} 7.79 6.6 | 4.818 | 3.13) 
36.2 4.079 | 17.19 26.2 4.219 | 12.44 16.2 4.428 7.69 6.4 | 4.831 3.04: 
36.0 4.081 | 17.10 26.0 4.223 | 12.35 16.0 4.434 7.60 6.2 | 4.845 2.94. 
35.8 | 4.084 | 17.00 25.8 | 4.226 | 12,25 15.8 | 4.439 | 7.50 6.0 | 4.860] 2.85 
35.6 | 4.086 | 16.91 25.6 | 4.230 | 12.16 15.6 | 4.445 | 7.41 5.8 | 4.874 | 2.75. 
35.4 | 4.089 | 16.81 25.4 | 4.233 | 12.06 15.4 | 4.450} 7.31 5.6 | 4.889 | 2.66 
35.2 4.091 | 16.72 25.2 4.236 | 11.97 15.2 4.456 7.22 5.4 | 4.905 2.56 
35.0 4.094 | 16.62 25.0 4.240 | 11.87 15.0 4.462 an ks §.2 | 4,921 2.47 
34.8 | 4.096 | 16.53 24.8 | 4.243 | 11.78 14.8 | 4.467 | 7.03 5.0 | 4.9388 | 2.37 
34.6 | 4.099 | 16.43 24.6 | 4.247 | 11.68 14.6 | 4.473 | 6.93 4.8 | 4.956 | 2.28 
34.4 | 4.101 | 16.34 24.4 | 4.250 | 11.59 14.4 | 4.479 | 6.84 4.6 | 4.975 | 2.18 
34.2 4.104 | 16.24 24.2 4,254 | 11.49 14.2 4.485 6.74 4.4 | 4.994 2.09 
baie ate He 1B 34-0 niece 11.60 16,0 ie: 6.65 4.2 | 5.015 | 1.99 
‘ é ; : é 13.8 -498 | 6.55 4. . -90 
33.6 | 4.111 | 15.96 23.6 | 4.265 | 11.21 steiana aware ee fot pe i” 
aye eee 
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ot — 
but A’E = Do sin a. + Did cos a. Therefore, 


1 : 
da = — ——— (D¢ sin a, + Di cos a) 
s sin’ 1” i 
cr, 
| Gta Kk (Dovsin: Oe sD COS: dy) sos othe de soon Ca 

; ; 1 i : 
Soa which K = lar It is readily apparent that practically the same 

Susin 77” 


rotational change occurs at both ends of the line, and da must be applied 
to a, as well as to as. 

_ Line AZ, Fig. 3, represents, in meters, the change in the length of the 
‘line, AB. If this is multiplied by a factor, C, which is the tabular differ- 
ence (in units of the last place) in logarithms per meter of s, then 
the change in log s = d (log s) = — C xX AE; but AE = D) sin 
— D¢ cos a, and therefore: 


alior s)- == Cn(Dd cos ay — DX sin ty) ceca ens eee 
4 6 
For 6-place logarithms, C = 10° log ¢ . Values of Factors C and K may 
7. Ss 
be read from Table 2. ¥ 


When the total latitude correction to both ends of the line is appreciable 
“(as is the case between some of the old astronomic datums in the West and the 
1927 North American Datum), and the difference in longitude between 
the ends of the line is large, another term must be added to the length 
eorrection to allow for convergence of meridians. This need becomes 
“apparent when one con- 
‘siders that the distance 
between meridians de- 
creases rapidly with an 
‘increase in latitude. For 
instance, if two points at 
the same latitude, but on 
‘different meridians, were 
‘shifted north by the same 
amount, the differential 
change between them would 
be zero in latitude and 
zero in longitude; but 
‘Since the movements of the 
points were not parallel, 
the distance between them 
would be decreased appre- 
iably, whereas the azimuth 
would remain practically 
u changed. 


Fia. 4 


a 
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To determine the change in length due to convergence, consider Fig 
4(a). Points A and B are moved northward along different meridian 
to A’ and B’, respectively. If M is the mid-point of the line, AB, MM 
= dom, or the mean change in latitude of Stations A and B. In meters 

= Q x ddm. 

The next step will be clearer if the line is assumed to be broken at M 
and the two halves are moved separately as shown in Fig. 4(b), so that MB" 
is parallel to BB’ and equal to ddm, and MA” is parallel to AA’ ane 
equal’ to dém. For the small angles involved, the arc, A” M’B", may b« 
treated as a straight line. Then, BB” = BM; A’A” = AM; and, Al 
= A’A” + B’B”. The shortening of the original line would then be th: 
distance by which the two halves overlap, or, — 6s = A"E = BE 
= A”B" sin (a + du); but A”B” (in meters) = Q dbm Aa are 1’. Since dd 
will usually be very small compared to «, sin « may be substituted fo: 
sin (a + da) with negligible error. Therefore, 


—~ $s = Q are. 1’ dbm Aq sin G: ss,.an0 eee ee 


By substituting Q are 1’ = 0.009, approximately, and noting thai 
Aa. sin « will always be negative, the. correction becomes, 


$8 = 0.009; ddm AG “BIN. Gis siacs aurms a islets Gen 


Since $s has been derived in meters, it should be applied to the change 
in length of s (Equation (38)) to give: 
d(log s) = C (D¢ cos a, — Dd sin a + 0.009 dbm Aa sin «)...(6) 


4 


Although the original formulas were derived on the basis of a differen: 
tial change at Station A, the same might have been done, instead, for the 
change at Station B, or preferably at the mid-point, M, and the result: 
determined in the same form. It seems reasonable, therefore, to use the 
mean azimuth of the line instead of that at either end, and the fina: 
formulas for the corrections become: 


da = — K (D¢ sin & + Dd cos @). 0.005. oe cae 
and, 
d(log s) = C (D¢ cos « — Dd sin « + 0.009 dom Aa sin a) ...(8° 


in which Dp = 30.83 86; 86 = dd, — ddr; DA = R 8d; 8 = ddy — dra; dh 
di, de, and d(log s) = corrections to old datum Malaee for latitude, longi: 
tude, azimuth, and log meters, respectively; dfm = the mean of dd; and Ade : 
a = the mean azimuth of the line between Points (1) to (2), (or between 


' Points A and B) = xy eae ; and, Aa = the convergence of meridians, i: 


minutes of arc, = a — a + 180°. 
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_ To facilitate the computations, the form in Fig. 5 hag been prepared. It 
is arranged to hold the computations for four geodetic lines (an example is 


READJUSTMENT OF DATUM 
HORIZONTAL CONTROL 


da = —K (D¢ sin a +- D\ cosa) 
d(log s) = C (D¢ cos e —DX sin « + 0.009 dém Aa sina*) 


ee. * The product 4a sin @ will always be negative. Signs must be carried through algebraically 

Berictate_ Alc/zona = mae NOs saat e toe oP States ee ie ee a ee No, eee 

a 
rds AST. (1). Avax -___ (Nea ae Ps hn AOU Bee ee eee ah 

Mempara iS (2) Sfomewhebt. . . dX = 495 | dg (8) dy 

4, 6@_ 40.06 _ Line (1) minus Line (2) Wo. FOS Line (1) minus Line (2) ON 22.6 Se eee 

* 

5, De_t (Ks Meters Dy___ +: Meters Die seo ee 
Bonsina.* 09/4 __ _—- ~cosa_____ OM OTL eee | COSie DR er a gee ae oe 
“7. De sina__#/69__ De cosa___ = O75_ Do cosa__ _ 
ire © a Rie Gay OR eT hak Oe ee oe ee oe, Se Bee prey yee eee Rea 

~ 8. DX cosa_=L/8__ ~py sina____=2.64¢ = Dy Sian ae se Ae Rey A aes 
ee 0.009 dm 0.009 dom 

mo: Sum_._ __: #05/ __ ba sina* —0.42 Aa sin a* 

da (sec) = 

mao) —K X Sum_=24¢___ Sum_______ = Rhy ee. a SUM. GDS SS See 
je d(log s)= d(log s)= 

‘Ul. $32 Logs 4494 _ CxSUum_____ —J3./_ CX SUM abs es OO ie 


12, «//4 da/O__ By__==== idleness eet] eats eka Ye By Oe Date = eee ee 
‘e 


Fic. 5.—SAMPLH FORM FOR COMPUTATIONS. (COMPLETE FORM PRINTS COMPUTATIONS FOR 
Ny Four Gropretic LINES), 


shown in Fig. 5), which may be performed conveniently in the following 
order, using a slide-rule for all multiplications: 


-_ The State in which the line occurs and the reference number of the 
“computation are entered on Line 1 of the form; the names of the stations 
“involved, together with their respective latitude and longitude corrections, 
‘on Lines 2 and 3; the mean latitude and azimuth, log distance, and 
“eonvergence, on Lines 11 and 12, as indicated. All these values may be 
‘taken by inspection from the available records for the two stations 
“involved. For third-order triangulation, with positions given to the nearest 
0.01” of latitude and longitude, azimuth to the nearest second, and log s:to 
‘six decimal places, it is sufficient to use ¢ and a to the nearest degree, 
log s to three decimal places, and Aa to the nearest minute on the form. 

4 Next, 8¢ and 8A are determined by algebraic subtraction and entered on 


“Line 4, and D¢@ and D) are computed and entered on Line 5. Note that 
R is taken from Table 1, using ¢ as the argument; sin ® and cos & are 
taken from tables, using a as the argument, and are entered on Line 6. 

4 With D¢ set on the slide-rule, Dé sin « and D¢ cos « are determined and 
‘entered on Line 7. Similarly, Di cos « and — Dd sin « are entered on 
: ine 8; ddm is determined by inspection from Lines 2 and 8; and the 


‘term, 0.009 ddém Aa sin « is entered on Line 9. 
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The sums on Lines 9 and 10, Fig. 5, are obtained algebraically as indi- 
cated; Factors @ and K are taken from Table 2, using log s as the 
argument, and applied to the sums as indicated to obtain da and d(log s) 
on Lines 10 and 11, respectively. The initials of the computer and the 
date are entered on Line 12. 


Since C and K are direct functions of hy to find either, for a line for 
8 


which the value of log s is beyond the limits of Table 2, find the value 
desired for the log s in the table with the same mantissa, and multiply or 
divide by the proper power of 10; for instance, C and K for log s = 2.200) 
are 100 times C and K for log s = 4.200, respectively; and for log s 
= 5.200, the values are 0.1 times those for log s = 4.200, respectively. Im 
other words: 


When log s has Multiply Factors 
a characteristic of: C and K, Table 2, by: 
ae esa aie, RN ORR OR epee Si 


Table 2 gives © for 6-place logarithms. For additional place, multiply: 
the tabular value by 10; for each place less than 6, divide by 10. Table % 
is arranged for intervals of 0.2 for C and 0.095 for K. 

With all the necessary information before him, the average computer 
should be able to determine the corrections for a geodetic line in from 
3 to 5 min. The work can be speeded considerably by setting up a number 
of geodetic lines on the forms and computing them together, completing, 
each operation on the entire group before proceeding with the next. If a 
colored pencil is used for recording the last step in the computations: 
namely, da and d(log s), these values will stand forth conspicuously, and 
may be found more readily when needed. 


NomocraPHic CHartT 


In order to check the values of da and d(log s) computed by the 
formulas, the nomographic chart of Fig. 6 has been prepared, on which tha 
same corrections may be determined graphically. It has scales for bdi 
(the differential change in latitude within the line); 3A (the differentia: 
change in longitude at the various latitudes); sin «; cos a; log s; anc 
the desired corrections, da and d(log s)’. In addition, there is an auxiliary 
chart for the determination of the supplementary correction to d(log s)/’ 
due to the convergence of meridians. j 

To use Fig. 6, proceed as follows: To determine da, mark on the proper 
scales, 8p (Point a), 8 (Point b) for the proper latitude, sin a (Point c)) 
~ cos a (Point d), and log s (Point e). On the 8)- seale, project: the inters 
section of the horizontal line for ¢ and the curved line for 3) to the mair 
horizontal line, (Point g), using as a guide the fine vertical lines. 
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2 
in 


x 


te Connect log s with sin « (Line ce) and draw a parallel line (ah) 
through 46¢ to intersect the vertical index line containing the sin and cos 
seales. Call this intersection Point (hk). Connect log s with cos a (Line 
de) and draw a parallel line through 8A (Line’ gk) to intersect the vertical 
index line on the right half of the chart. Call this intersection Point (k). 
The line joining Points (h) and (k) intersects the da-scale at Point 1, 
indicating the value of da. 

To determine d(log s), the markings for 8A (Point g), sin «# (Point d), 
and cos a (Point c) are the same as before: 68 (Point a) must be set off 
on opposite side of the 6¢-scale, and log s (Point e) must be marked on 
the lower log s-scale. 

- Connect ,log s and cos « (Line ec) and draw a‘parallel line (ah) 
through 6¢, intersecting the left index line as before. Call this interséc- 
tion Point (A). Connect log s and sin « (Line de), and draw a parallel 
line (gk) through 3A, intersecting the right index line as before. Call 
this intersection Point (k). The line joining Points .(h) and (k) inter- 
sects the d(log s)’-scale at the preliminary value for d(log s) Point (1). 
“4 Fig. 7, an auxiliary chart for the convergence term, has scales for log s, 
@, Aa, ddm (the mean latitude correction), and d(log s)”. To use this 
chart, draw a line (ab) connecting log s with Aa. Through the inter- 
section of this line with the diagonal, draw a line from ddm (Point c), to 
intersect the right vertical index (Point d). Through this intersection 
‘and a (Point e) on the diagonal scale, draw a line (def) to meet the left 
‘seale at d(log s)”, which will always be opposite in sign to dom. This 
value for d(log s)” should be added to the preliminary value, d(log s)’, 
obtained from Fig. 6, to derive the final value of d(log s). 
For use in the office, the nomographic chart has been drawn on a double- 
mounted plane-table sheet, 18 by 24 in. in size, and covered with a sheet 
of transparent cellulose acetate. All marks and lines for each problem 
are drawn in pencil on this cover, from which they may be easily removed 
Jater with a soft eraser, leaving the chart clean for the beginning of an- 
other problem. Parallel lines are drawn by the usual methods, using a 
parallel rule or a pair of triangles. 
’ A complete problem (determination of da and d(log s)) can be solved in 
about 2 min by one familiar with the charts. 
; Two-Powt “Isopirrs” 
_ Examination of the Wilson method indicates that two tie-points are 
sufficient to control the adjustment of a triangular net if no others are 
available. Since this is true, it should be possible to draw “isodiffs” to 
give, graphically, the same adjustment that would be obtained by the 
yplication of the Wilson formulas. Interpolation along the line between 
:. two tie-points, however, gives only the spacing of the “isodiffs”, but no 
ndication of their directions. It should be possible to compute, by the 
ormulas, the position changes of one additional point on the system, and 
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to use that as the third control point for the “isodiffs”. This would replace 


the analytical method for computing position changes by a_ speedier 
graphical method. 


F ea on 


4.5 
4.6 
47 
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oO wo 
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Auxiliary Chart for d(Log s)’” 
Fig. 7. 


The computation of the third control point, requiring, as it does, the deter- 
mination of the various constants, could be dispensed with if a means were 
found to draw the “isodiffs” from only two points as a base. This means 
ean be found by applying graphically the principles of the Wilson method. 


~ 


iS Lng ( or 59%) 


Wigs. Fig. 9. 


Assume, for instance, that Ties A and B (Fig. 8), are available with 
“corrections of dd, dh and dd, dd, respectively. As before, determine 


Si 


, 
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3, 3A, Dd, and Di. If D¢ and DP) are plotted at A to an enlarged scale 
as before, Point A’ becomes the new relative position of Station A, and 
Point F the projection of Point A’ on Line AB. Then, AF represents the 
change in length of AB and A’H is a measure of the rotation of the base: 
Since the entire system must receive the same treatment as the base, all 
lines must be swung by the same amount, K xX A‘E—, around Station B as ai 
AE 
s 

For convenience, consider Point F on the same meridian and Point G@ on: 
the same parallel as Station B, so that BF = BG = s. At Point F the rela- 
tive change in latitude is produced by the scale change only and equals: 


le , and the spacing of “isolats” along Line BF equals = =. ms At 


pivot, and reduced (or expanded) by the same rotation, 


Point G@ the relative change in latitude is produced by the rotation factor,’ 
A’EH, only, and equals A’ # , and the spacing of “isolats”. along Line BG: 
Q 


equals 29, = Dy Then, Monee es 38 Y x A‘E _ AE 
A’E De AE sQ AE 

possible to draw the “isolats” by either of two, methods; (1) By interpola- 

tion along Lines BF and BG, using the intersections on Line AB as a: 


check; or (2) by the simpler method of interpolating along AB and usingy 


It is now 


the directions, indicated by the slope ratio, ion eres? ne. The “isolats” 
P¢ 
will be straight, parallel lines, uniformly spaced. 
Similarly, the relative longitude change at Point F' is produced by A’! 


A’E 


only, and equals“, and the spacing of the “isolongs” along BF equals 


8 ae ‘ ; : 
= m,; also, the relative longitude change at Point G is producedk 


by AF only, and equals a and the spacing of the “isolongs” along Life 


BG equals $B ==.) Then, 7. = se AE _ 2 . The “isolongs” 
AE Pr Al Oe Se ALE 

may be drawn by the same methods as those used for the “isolats”, and 

- they, also, will be straight, parallel lines, uniformly spaced. 

It will be noted that the slope of the “isolongs” is the negative recipro- 
cal of the slope of the “isolats”, which, by the principles of analytical| 
geometry, shows them to be perpendicular to each other. By similar 
triangles it may be shown that the normal spacing of the “isolats”~ is 


sQ sR 
TN , and that of the “isolongs”, ar Therefore, the normal spacing of 


“Gsolats” is to the normal spacings of “isolongs” a ee is to sk or ag 
ZA é 


Q is to R. 


Bieicdtaes ” am 
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e Special attention may now be called to certain fundamental features 
of the “isodiff” di Wh i i i i 

0 jagram. enever a net of triangulation is shifted so 
that no change occurs in any of the previously adjusted angles of the 
net, the following conditions must result: 


(a) The “isolats” will be straight, parallel lines, uniformly spaced; 
¥ (b) The “isolongs” also will be straight, parallel lines, uniformly spaced, 
and they will be perpendicular to the “‘isolats”; and, 
- (ce) The normal spacing of the “isolats” will be to the normal spacing 
of the “isolongs” as Q is to R for the mean latitude of the project. ; 


% Conversely, it would appear that, when a graph of “isodiffs” satisfies 
a Conditions (a), (6), and (c), the shape of the triangulation net being 
adjusted is not changed or warped. In other words, the net may have been 
shifted, rotated, and expanded (or contracted), but the angles have not 
been altered. This will be true if one other condition is satisfied; namely, 
af the direction of increasing values of the “isolats” is taken as north, 
the values of the “isolongs” should increase to the westward. If this 
‘pattern is kept in mind when drawing “isodiffs” for the general problem of 
several tie-points, an effort can be made.to adhere to it as far as possible, 
‘in order to prevent or to minimize ‘distortion in the system that is being 
adjusted. 
To summarize the simpler construction for “isodiffs” when only two ties 
are available for a system: At Station A, plot Df and Di to locate Point 
A’. Measure Lines AW and A’L. Along the meridian through Station B 
SBI), lay off BJ = — A’E. Along the parallel through Station B(BG), 
lay of BL = AF. Interpolating along AB for the “isolat” intersections, 
_ draw “jsolats” parallel to JL. Interpolating along AB for the “solong” 
“intersections, draw “isolongs” perpendicular to JZ. These “isodiffs” may 
be extended beyond Points A and B, respectively, by continuing the same 
"spacings. As a partial check on the work, it may be noted that the normal 
“distance between “isolats” is to the normal distance between “solongs” as 
“Q is to R. 
From these “isodiffs” the same position corrections should be obtained 
as by the Wilson formulas; and the uniform azimuth and distance correc- 
_tions may be applied to all lines in the same manner. 


os Rotating GuIDE 


Another method has been developed by Mr. Nelson for the graphical 
application of the principles proposed by Mr. Wilson. On a stiff trans- 
"parent medium, such as celluloid or cellulose acetate, lay off Line (AB) Fig. 
9). At Station A, plot D¢ and Di to locate Point A’. Then, AA’ repre- 
‘gents the actual movement (to the distorted seale) of Point A. With the 
“system pivoted about Station B, all points on the system will receive 

he same relative movement with respect to B, the magnitude of the move- 
“ments varying only with the distance of each point from the pivot. If 
BA and BA’ are extended indefinitely, any point the original position of 
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which is on BA would fall on BA’ after adjustment, and the path of its: 
movement would be parallel to AA’. 

To use the adjustment guide, pass a pin or thumb-tack through Point 
B on the guide and Point B on the map, so that the guide is free to pivot! 
about that point. Rotate the guide about the pivot so that each station: 
to be adjusted will, in turn, fall on BA, extended. Project the station to: 
BA’ by a line parallel to AA’. Measure the differences in latitude and} 
longitude for each station to the scale of the guide, and divide by Q and R,' 
respectively, to obtain (d¢)’ and (dd)’. The projection to BA’ may bes 
made by eye if a number of lines are ruled on the guide parallel to AA’. 

When a number of stations are to be adjusted by this method, time can: 
be saved if scales for (df)’ and (dd)’ for the mean latitude of the project,; 
are prepared in which one unit of (d¢)’ is to one unit of (dd)’ as Q is to R.! 

With the aid of these auxiliary scales, 5¢ and 6A, for Point A, may be: 
plotted directly on the guide without first converting them to meters, and} 
(dp)’ and (dd)’ may be scaled in seconds instead of in meters. Of course,} 
the corrections at Station B must be added to those obtained by the uses 
of the guide, in order to secure the final corrections for each station being: 
adjusted. The uniform aximuth and distance corrections may be applied! 
to each line in the proper manner. _ 


Conclusion 


It is readily apparent that all the methods of adjustments herein de-. 
scribed are based on approximations of varying degrees. However, since: 
the actual quantities considered are so small, they may be determined: 
only approximately and still be well within the accuracy of the original 
survey. The mathematical computations will seldom require more than: 
three significant figures, and a 10-in. slide-rule will usually be found’ 
ample; for the graphical work, ordinary plotting precision will satisfy: 
most requirements. 

The weakest link in the entire chain of readjustment would appear to’ 
be the construction of the “isodiffs” when several ties are available. More-. 
‘over, these methods do not correct errors or inaccuracies that may exist in: 
the original computations. In the readjustment of good field work that has: 
been rigidly adjusted to a good datum, the change of datum will not be. 
likely to distort the originally adjusted figure to any great extent, so that: 
the “isodiffs” should be sketched with little difficulty and will be fairly 
regular lines, well spaced. For such work there should be little question 
about the suitability of readjustment by “isodiffs”. 

If the field work itself contains appreciable discrepancies, or if it was. 
not properly adjusted, or adjusted to a poor datum, the corrections at 
the tie-points might not be expected to be consistent. The “isodiffs” for 
such a readjustment might be badly curved and poorly spaced, but the 
readjustment based on them would probably be no worse than the orig- 
inal work and would make the survey available on the new datum, whereas 
its usefulness might otherwise be lost completely. 


ee 


+ 
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_ These methods, furthermore, permit the closing of circuits that formerly 
consisted of independent links tying to common stations, but with differ- 
ent co-ordinates. In some problems of this type, it is a simple matter to 
sketch the “isodiffs” between the fixed ties, making due allowance for the 
break. 

_ Another method that sometimes gives good results is to assume as a 
position for each common station a weighted mean of its positions on the re- 
spective triangulation nets tying to it, the weight depending on the 
‘strength of the respective nets and the distance of the common station 
from each of the fixed tie-points. The common station may then be used 
as a fixed tie-point in the adjustment. 

A third method, somewhat longer than either of the foregoing but, 
perhaps, more rigid, involves a partial preliminary adjustment. Each 
link in the circuit is, in turn, adjusted to the datum of any one of 
the links, regardless of the fixed tie-points. When the entire circuit has 
been reduced to a single unified datum it may be adjusted to the final 
datum through the fixed tie-points. 

Other appropriate methods will doubtless suggest themselves to the 
computer, according to the specific problems on hand. 

The use of these methods for readjustment of old work suggests an 
application to new work that might warrant the consideration of the 
computer. If a chain of quadrilaterals (or other suitable figures) is 
extended from one fixed base to close on another, it should be possible to 
begin with the fixed positions at one end of the chain and compute 
through individually adjusted figures to obtain new values for the fixed 
positions at the other end. The necessary corrections to bring the closing 
stations to their proper positions may then be determined, and “isodiffs” 
drawn for the chain, using the corrections determined for the closing end 
and zero corrections for the other end. Then, all intermediate positions could 
be corrected by the indicated amounts, and all lines corrected for azimuth and 
seale by the formulas. By this means, latitude and longitude conditions, 
‘as well as length and azimuth conditions, would be satisfied for both 
bases. Although the results might not agree perfectly with those of a 
complete, rigid least-squares adjustment, it is believed the differences 
would be very slight unless the strength of the chain varies appreciably 
within its length. 

~The choice of methods for readjustment of datum may be summarized 
briefly, as follows: 

4 (a) When two ties to the new datum are available, determine position 
corrections by: (1) The Wilson formulas; (2) the rotating adjustment 
guide; or (3) the two-point “jsodiffs”. Apply uniform azimuth and length 
corrections to all lines. 

~ (b) When three or more ties are available, construct an “isodiff” 
graph for the determination of position changes. Determine azimuth and 
length corrections by the formulas or by the nomographic chart; or use 


both for a check. 
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DISCUSSIONS 


-STABLE CHANNELS IN ERODIBLE MATERIAL 


Discussion 


BY By W.EANE) M2Am. Soc.’G:.E: 


A- 


| E. W. Lanz,” M. Am. Soo. OC. E. (by letter).“*—The constructive nature 
‘ot the discussion of this paper is gratifying, and the writer feels that its 
value has been materially increased thereby. Although these discussions 
have shown considerable differences of opinion on minor phases, there seems 
to be little criticism of the major contentions of the paper, and no points 
were subject to a general attack. The importance of silt quantity as a 
factor in stable channel shape and the tendency of heavily silt-laden water 
to form wide, shallow channels seems to have been generally accepted. 
Since the items of criticism or questions raised by those discussing the 
‘paper cover a wide range of ideas and in few cases is the same question — 
‘aised by more than one person, this closure can best be presented by 
dealing with the various discussions individually. 

_ The empirical relations derived by Mr. Lacey seem to have been 
widely accepted in India. The writer believes that they are probably the 
best quantitative relations yet developed. The striking agreement with 
the results obtained by Colonel Pettis on an entirely independent basis 
§ndicates strongly the general accuracy of the conclusions of both men 
for average conditions.’ It is believed, however, that at least one important 
factor has been omitted, namely, the concentration of the silt load, and 
‘when the load is high, this becomes such an important factor that it must 


be considered. 
us 


5 IB 3 
Mr. Lacey suggests a plotting of the values, i against V for the 


Imperial Valley canals, which, to agree with his fundamental shape 


formula, should show Bt 712V. This has been done in Fig. 13. 
R 


— er by B. W. Lane, M. Am, Soc. C. E., was published in November, 
ME rr odédinge  Disenasion on this paper has appeared in Proceedings, as follows: 
February 1936, by R. C. Johnson, M. Am. Soc. C. H.; April, 1936, by Messrs, HE. S. 
indley 5. GC. Stevens, C. R. Pettis, Harry F. Blaney, and Sigurd Eliassen; May, 1936, 
y Messrs. R. EB. Ballester, and Gerald Lacey; and August, 1936, by Messrs. V. V. 
Tchikoff, and W. M. Griffith. 
“a 47Prof., Hydr. Eng., Univ. of Iowa, Iowa City, Iowa. 


41a Received by the Secretary April 18, 1937. 
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The solid black dots representing the results of sections of the canals. 
reported by William ‘T. Collings, Jr., M. Am. Soc. C. E., as stable* and 
the small open circles give the aroenwaena of ditches cited by Mr. Blaney, . 


2.00 


Values of Velocity, V, in Ft per Sec 


a 
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in Table 5, assuming that the sides are vertical. The values given scatter: 
considerably, even for the same ditch and station, but with one exception, , 


all of them show the ratio, =. to be less than 7.12 V. Although the: 


‘accuracy of individual observations may be questioned, the data very ' 
strongly indicate that the Lacey shape formula does not fit Imperial | 
Valley conditions. This lack of agreement is probably the result of the: 
high silt concentration in these canals. 


2 
The writer does not believe that the factor, . , empirically derived | 


by Mr. Lacey and also independently by Mr. Tchikoff, has been demon- 
strated to be a rational measure of turbulence, although it may be a very 
convenient empirical index of it. Some of the arguments advanced in 


support of it do not appear to be valid. For example, the fact that the 
2 ‘ 


eee pes set ae . . 
ratio, Pe is a valuable criterion in non-uniform flow seems to be 


pure coincidence and to bear no relation to the phenomena of stable 
channel shapes. Assuming that all the energy loss due to the friction of 
the water flowing in a ditch is dissipated by turbulence, the average 
turbulence of a stream (under conditions of steady, uniform flow), 
expressed in terms of the energy loss per unit time per unit of volume 
(oceupied by a unit weight), is proportional to the product of the slope 
and the mean velocity of flow. This follows from the fact that if the 
water is not accelerating, the energy dissipated per unit of volume per 
unit of time must be equal to the work represented by the drop of the 


ee 


* Transactions, Am. Soc. C. E., Vol. 99 (1934), p. 554. 


Ay 
rr 


> 
“i 
we 
water in that time, which, in turn, is equal to the mean velocity of 
the water times the slope. Hence, the criterion of turbulence should be 
8S V. Although some of the loss, no doubt, occurs in the laminar flow of 
the boundary layer on the sides and bottoni of the ditch, it is believed 
that under ordinary conditions of an earth channel this is a small part 
of the total. If the Manning formula is assumed to evaluate, correctly, all 
‘the variable factors, this criterion’ can be transformed as follows: 


v= i a 7) FY wee GD 
(=) R! 1.486/ \RS 
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“or, in other words, SV « (=) . If the Lacey formula, 
Rs 


2 172 
pay (Sea ) pape oy <A AEs (58) 
a 1.3458) R! 


4s used instead of that of Manning, the expression, SV, becomes 


y at) i ) . Thus, it will be seen that using the Lacey formula, 
“\ 18.534 R 


2 
the empirical Lacey (and Tchikoff) criterion, ie is brought into almost 


perfect agreement with the criterion, SV. This probably explains why 


2 . . 
a criterion, ie gives such good results, especially when used with the 
7 R ' 


Lacey formula instead of the Manning formula. 
- Mr. Lacey advocates the use of the Buckingham method for future silt 
‘studies. This method, unquestionably, is a useful tool, but can only be 
used safely if all the important dimensioned variables are known, and it 
will indicate nothing as to the effect of the dimensionless factors. 

It is not believed that the conditions in the Imperial Valley canals 
‘approach the condition of flume traction, as suggested by Mr. Lacey. In 
nearly all cases, the material through which these canals flow is composed 
of the same kind of silt as is carried by the ditches, since the material 
was formed by the deposits of the same river, and therefore, the Imperial 
‘Valley canals are flowing in a self-borne alluvium in a manner similar 
to that of the canals of India. A good description of conditions in the 
Imperial Valley has been given by H. T. Cory, M. Am. Soc. C. EK.” The 
“writer’s discussion of scour of the sub-grade when the flow in the channel is 
capable of carrying more material than enters at the head-gate, was 
included to cover the entire range of cases. It does not apply generally to 
the canals of the Imperial Valley. 

The flow conditions in the Imperial canals are quite different from 
‘those found by Gilbert, and saltation is not believed to oceur to an 


49 “Irrigation and River Control in the Colorado River Delta,” J'ransactions, Am. Soc. 
C. E., Vol. LXXVI (1913), p. 1204. 


4 


! 


904 LANE ON STABLE CHANNELS IN ERODIBLE MATERIALS Discussion 


important extent. Even the coarser particles of the Imperial Valle; 
material are much smaller than the finest material used by him. Observa. 
tions were made in the laboratory of the U. S. Bureau of Reclamatiorz 
on the flow in a long flume with glass panels in the side, using bed mate 
rial brought from the Colorado River. This showed that at ordinar; 
velocities there was a very slight motion of the material along the botton 
as bed load, forming ripples similar to those which appear on the botton 
of the Imperial Valley canals, but nothing resembling saltation wa: 
observed, and the greater part of the material traveled in suspension. A! 
very high velocities the ripples disappeared and the bottom became smooth 
with great quantities of material moving in suspension. This smoothin; 
out of the bottom in Colorado River material at high velocities was als: 
observed by O. A. Wright, M. Am. Soc. C. E. 

Mr. Stevens gives an interesting comparison of the sections of severa 
rivers with the Lacey formula, Equation (5), and notes the lack of agree 
ment for the values of the Colorado River at Yuma, Ariz., and the Yellow 
River, at Chiang-kou, China. The conditions of the Colorado River ai 
the Yuma gaging-station are very unusual, and do not conform to thi 
requirement of banks and bed of alluvium postulated by the Lacey relatior: 
This may account for the lack of agreement. A short distance above thi 
gaging section at Yuma, the Colorado River contracts very suddenl, 
from a wide, meandering stream and passes through a narrow gorge aboui 
400 ft wide, with sides of very resistant material of clay and boulders 
At the gaging section, a short distance down stream from this throat, ii 
is about 500 ft wide, and also has very permanent banks, possibly formes 
of the sandstone rock which outcrops only a short distance away. T! 
pass through the narrow gap during periods of high discharge the wate: 
of the river must have a high velocity, which scours the light bed materia 
to a great depth. When the discharge falls, the channel refills. Thi 
writer does not believe that this is typical of the Colorado River as a whold 
as soundings in an unconfined section made elsewhere show no change ox 
the mean bed elevation with high or low water. Moreover, for such scout 
to occur along the entire river during high water would require thi 
transportation by the river of much larger quantities of silt than are showxz 
by any measurement. The conditions at the Yuma gaging station, there 
fore, are a very special case, and conclusions based upon what happens 
there, if generally applied, will be very misleading. 

The measurements on the Yellow River given by: Mr. Stevens seem t: 
be those recorded by the late John R. Freeman, Past-President and Hor 
M. Am. Soc. C. E.® At this section there was a rock ledge on the righ 
bank and rock also appeared on the left bank some distance back from thi 
river. It is doubtful, therefore, whether this station is in the class fo: 
which Mr. Lacey claims his relations to hold. 

Mr. Stevens is probably correct in his opinion that it is the momentar: 
“stray currents” which are most effective in moving bed material, and thi 
same probably applies also to the movement of the material at the sides o 


°° Transactions, Am. Soc. C. E., Vol. LXXXV (1922), p. 1487, Fig. 16. 
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the ditch. The writer does not believe that it is the difference in the 
velocity of the adjacent filaments of water which in itself causes the move- 
m ent of the material, but that in those parts of the cross-section of a ditch 
“where the isovels are close together the velocity differences within a 
small distance are great and, therefore, the turbulence is large. The 
“spacing of the isovels, therefore, is an indication of turbulence, close spac- 
‘ing indicating high, and wide spacing indicating low, turbulence. 
Although this relation is believed to be true for the ordinary conditions 
of ditch flow where the turbulence is introduced by friction, it does not 
necessarily hold where the turbulence is the result, for example, of a 
hydraulic jump. 

The data on the silt-carrying ability of the Wei Pei Main Canal 
which Mr. Eliassen presents, and that of Mr. Ballester for the Rio Negro 
Canals, are very valuable. Very little complete data of that kind are 
‘available and until it is collected, the carrying capacity of channels for 
‘solids will be only imperfectly known. 

Mr. Eliassen’s description of the heavy silt loads of the Chinese rivers 
is interesting. Unquestionably, he is correct in his remarks that a silt 
‘percentage should be a ratio of silt weight to the weight of silt plus water. 
Tn most conditions the silt concentrations are so small that to omit the silt 
weight from the silt-plus-water weight makes a negligible difference, but 
with the concentrations mentioned by, Mr. Eliassen such a procedure leads 
to important errors. 

The writer is not inclined to share with Mr. Eliassen the belief that 
bed load is an important factor in streams that carry. a heavy suspended silt 
load. Measurements were made in the Colorado River on the crest of 
aguna Dam where many years ago the river had filled the storage space 
with silt to the crest level, and, therefore, where the load measured was 
the combined bed and suspended loads. At the same time, measurements 
were made in a section five miles up stream, where only the suspended load 
‘was sampled. A comparison of the results over a considerable period of 
ime showed very little difference,” indicating a relatively small bed load. 
That this is the case is confirmed by the observations in the flume pre- 
viously mentioned. No bed-load measurements have been made for 
‘material comparable in size’ with that of the Colorado River, but the 
formulas derived’ for coarser material were extrapolated by Samuel Shulits, 
‘Assoc. M. Am. Soc. O. E., to the size of the Colorado River material, and 
the loads computed were found to be large, but in comparison with the 
‘yery large suspended load, are relatively small. Still another reason for 
believing that the bed is not, to any great extent, jn motion is that when 
sounded with a rod it is surprisingly hard, and does not have the much 
softer feeling which characterizes coarser material moving as bed load. 
As a result of these four independent lines of approach all of which are in 
agreement, the writer believes that in streams carrying high concentrations 
| ; ‘orks for the All-American Canal,” by GC. 


61 “Why Desilting W 1, , 
. BE. ovtheering Vews-Record,.Vol 118, March 4, 1937, p. 322. 


P. Vetter, M. Am. Soc 
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of fine material in suspension, the bed load, although perhaps of cont 
siderable absolute magnitude, is a small part of the total load. 

The changes of roughness of the Yellow River channel mentioned bj 
Mr. Eliassen may be due to the elimination of the ripples on the bottom 
observed at high velocities in the flume, as previously described. Such 
changes occur also in the Mississippi. In this case they are probably dua 
to bed-load movement, as Mr. Eliassen suggested, as waves reaching mor@e 
than 30 ft in height have been observed in the Mississippi River which 
compared with the Colorado and Yellow Rivers carries a very small cont 
centration of suspended material. For reasons previously stated, however: 
the writer does not believe that such waves form in rivers carrying heavy 
loads of suspended material. 

Mr. Lindley objects to the writer’s statement that he did not mentiow 
the quantity of silt as a factor in stable channel shape, explaining that tha 
effect of the quantity of silt was so well known in India as to need na 
mention. There is no doubt that, in the literature from India, accessibld 
to the writer when his paper was written, occasional mention was madd 
of the fact that the quantity of silt was a factor, but in no place had he 
found any one who gave it the important place to which he believed ii 
was entitled. The writer’s emphasis of this phase was largely due to the 
fact that the Lacey relations, which were gaining wide acceptance in India: 
made no mention of the effect of the concentration of the silt load as ¢ 
factor. Since preparing his paper the writer has secured a copy of thea 
Punjab Irrigation Technical Review of 1925, and finds there a statement 
by Mr. Lindley (as well as others by Messrs. W. G? Quinton, A. R 
Murray, and A. M. R. Montagu) that both quantity and quality are 
factors in determining the channel shape. Except for this publication 
(which is relatively inaccessible to American engineérs) in no recent 
publication from India or elsewhere at the time this paper was written 
had the writer found the effect of silt concentration mentioned as an 
important factor. 

Mr. Griffith states that it was well known that channels carrying heavy 
silt loads adopt broad shallow cross-sections. At this distance from India, 
it is possible for an American engineer to learn what was known there 
only from their written literature. From a very thorough study of 
extensive literature from India and other countries the writer found, as 
late as November, 1935, not a single mention of this phenomenon, and has 
found since only casual mention of it by Messrs. F. W. Woods and W. G. 
Quinton in the relatively inaccessible publication previously mentioned. 
Under these circumstances no apology for discussing it seems to be 
required. 

Mr. Lindley suggests that the writer should have emphasized the fact 
that a given volume of flowing water carrying a given proportion of a 
given quality of silt tends to form a channel of which the depth, width, 
and gradient is all fixed by the said discharge and silt load. The writer’s 
discussion suggested that a given discharge with a given quality and 
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quantity of silt did fix a definite cross-section of channel The gradient 
would follow from these by the ordinary laws of flow in open channels and, 
therefore, could not be considered an independent variable. Fixing the shape 
£ the cross-section for a given discharge, therefore, fixes the gradient 
Which would be stable, and it is not necessary to discuss it separately. 

_ Not much benefit will result from arguments over the relative merits 
the mean depth and the hydraulic radius as the hydraulic property to 
hich the critical velocity is related. Mr. Griffith plots the available data 
the basis of mean depth and finds it follows, reasonably well, an 
xponential relation to the critical velocity. Mr. Lacey uses the same data 
ind finds an equally good agreement using the hydraulic radius. Both 
im this as important evidence of the correctness of their formulas. 
e facts probably are that, within the range of channel conditions 
ordinarily encountered, the ratio of the mean depth to the hydraulic radius 
yaries so little that the discrepancy is much less than that due to other 
factors. 

The writer was seeking to obtain the form of cross-section which would 
be stable for the various conditions of discharge and silt characteristics, 
mot necessarily the depth-width relation which would give the channel its 
sreatest silt-carrying capacity for a given discharge and surface slope, as 
Mr. Griffith concluded. His determination of the depth of channel that 
would give the greatest silt-carrying capacity for a given condition may 
have value, but it seems to rest entirely upon his assertion that the 


wl 


eapacity is a maximum when the ratio, - , reaches its highest value, 
m 

since no proof to support this assertion was submitted. 

Mr. Tchikoff’s proposition of “sediment equivalent” is a very ingenious 
ene which merits thorough experimental investigation and testing by 
comparison with observed data in natural streams. Jt has the advantage 
f reducing the very complex relation of the quantity and quality of the 
silt present in a stream at a given time, to a single number. It is unfortu- 
e that more quantitative data are not available to check this and the 
other interesting hypotheses suggested by Mr. Tehikoff. The collection of 
quantitative data seems to be one of the greatest needs in this field 
science, for until hypotheses can be adequately checked against observed 
relations it is unsafe to build upon them. 

Referring to Mr. Tchikofi’s criticism of the position of the isovels in 
the cross-section given in the paper, the fact that the isovel, 0.80, is 
nearest the sides does not mean that the isovels of the lower values were 
on-existent but merely that they could not be plotted because of the 
Jack of space. These velocity distribution charts were drawn from data 
which were not taken originally to investigate the point under discussion. 
They are the result of a number of different experiments and, therefore, 
are not perfectly consistent. Tt is believed, however, that they do in general 
‘Mustrate the fact that in narrow channels the high velocities come closer 


to the sides. 
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The writer is unable to accept Mr. Tchikoff’s arguments regarding th 
velocity gradient. He states: “The sum of the potential and kinett 
energy is constant for all the points of the stream filament that lie on tk 
same horizontal plane.” This would only be true in a frictionless channa 
Where friction is present, the water particles near the sides of th 
channel are more retarded by friction and more of their energy is converte 
into heat, than’ those near the center. On a given horizontal plane, thera 
fore, the sum of the potential and kinetic energy of the water at the sidd 
of the channel may be less than near the center. This is demonstrate; 
by measurements made in a chute near Montrose, Colo.” <A velocity c 
34.8 ft per sec was observed 0.4 ft below the surface near the center of th 
channel, and, at the same depth, at the sides velocities of 23.3 and 26.9 * 
per sec were observed. 

The water surface was level, and, hence, the pressure at the thre 
points was the same. The kinetic energy, expressed in velocity head, ¢ 
the sides was 10.4 and 7.6 ft, respectively, less than at the center. Al 
another section of the same chute (not described in the paper cited 
float measurements showed a velocity of 20 ft per sec at the center ant 
about 9 ft per sec as close to the sides as could be observed. ‘The wate 
surface was shown by measurements to be level, and the pressure wa 
the same (atmospheric), but the sum of the potential and kinetic energie 
was 5 ft of head greater at the center than near the sides. By observations 
at a large number of cross-sections the water surface was shown to bl 
level across the flume (except at the entrance where contraction effect 
entered), but the water in the center was obviously moving much mor: 
rapidly than near the edges and, therefore, the sum of the potential ane 
kinetic energies at the center was greater than at the sides. The erro 
in Mr. Tchikoff’s statement arises from not considering the friction term it 
the Bernoulli theorem. ; 

Mr. Blaney has called attention to the difficulties found in his investi 
gations of the Lower Colorado River, in analyzing the data, because o: 
the widely different size of silt particles carried. In the writer’s studie: 
made for the U. 8. Bureau of Reclamation in 1934 and 1935, on the sil 
carried in the Colorado River, a discovery was made which is believec 
to be of great significance in understanding the transportation of silt iz 
suspension. It has long been known that, in many rivers (including th 
Colorado) carrying heavy silt charges, there is no close relation betweer 
the discharge and the total silt load. In these studies analysis was made 
not only of the quantity but of the size range of the particles carried ir 
the Colorado River, by means of bi-weekly samples taken over a period of 
more than a year. It was found that although there was no relatior 
between the quantity of fine silt and the discharge there was a very 
definite relation between the load of coarser particles and the discharge. 
Some of the results of this study have been published.“ The size range of 
SSR REDS AAO ME AE TE AO PE SE LR 


52 “Recent Studies on oe Conditions in Stee a i i - 
iin taanvaryio. totes p Chutes,” Engineering News-Record, Vol 


; ° 


£ 


May, 1937 LANE ON STABLE CHANNELS IN ERODIBLE MATERIALS $09 


_ the particles the load of which bore a definite relation to the discharge 
was the same as-the range of sizes found in the bed material. The reason 
for this condition is believed to be the fact that the river, in general, 
_ always carries as great a load as it is able,-of the material which is avail- 
‘able in large quantities in its bed. Because of the eddies which impinge 
on the river bottom, particles from the bottom are thrown into suspension. 
os At the same time, other particles from suspension are settling down again 
_ on the river bed. When the same number of particles are picked up as 
settle back to the bottom the load is as great as the river can carry. 
_ When fewer are picked up than fall back, the bed is being filled and when 
more are picked up the bed is being scoured. With a given size of 
‘material on the river bed, the river will pick up sufficient material to pro- 
% duce a condition in which the rate of re-depositing on the bottom is 
~ equal to the rate at which the material is picked up from the bottom. The 
load of very fine silt which the river is capable of carrying seems usually 
to be much greater than the supply available, which is limited by the 
quantity of fine material that is brought into the stream by its tributaries. 
The load of fine material, therefore, is dependent entirely on the load 
brought to the stream by the tributaries and, hence, is independent of the 
discharge carried by the stream. The stream picks up from the river bed 
"all the fine material available, but is not able to obtain from this source 
‘sufficient material to saturate it with the finer particles. It is believed 
that many other of the phenomena of the transportation of silt in sus- 
pension may be cleared up as a result of this discovery, and that it can 
form the basis of a quantitative science in this field. 

The dimensions adopted for the All-American Canal have been requested 


J and are given in Table 14.” 


TABLE 14.—Auut-AMERICAN CANAL Cross-Srctions* 


__ Discharge, Bottom Depth, Side Area, A, Wetted Hydraulic 
in cubic feet width, in feet slopes. in square | perimeter, P, radius, R, 
per second in feet 1 on 1.75, ete. feet in feet 

15 155 160 20.61 1.75:1 4 041.3 243 16.63 

13 155 150 19.12 U7 od 3 508.0 227 15.45 

10 155 130 16.59 2:1 2 708.0 204.2 13.26 

7 600 118 14.73 2:1 2 171 183.8 11.81 

7 400 116 14.57 2:1 2 114 181.2 113.67 

7 100 114 14,24 2:1 2 029 177.6 11,42 

6 800 114 14.02 esl 1 943 170.5 11.39 

5 100 100 12.82 1.75:1 1 569 | 151.6 10.34 


*Farth sections only. 


In selecting these sections several factors were unusually important. 
‘One was the great depth of cut in which much of the canal was built, 
‘which reached a maximum of more than 100 ft and for long stretches was 
more than 75 ft. Another was the fact that considerable time may elapse 
before the demand reaches the design capacity. Both these factors justify 
he use of narrower widths and higher velocities than would otherwise be the 


eee ee et aa a 
%8 Specifications 573 and 621, U, 8, Bureau of Reclamation. 
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case. In comparing this canal with the Imperial Valley canals it should 
be kept in mind that the material traversed by them is not the same. 
The Imperial canals, in general, flow through a Colorado River deposit 
of very fine material, whereas the All-American Canal is nearly all located 
on higher land in coarser “mesa material’ which seems to be an outwash 
deposit from the surrounding high land. 

In the acknowledgments accompanying the author’s paper he inad- 
vertently omitted mention of his indebtedness to Mr. W. M. Griffith, to H. F, 
Blaney, and F. C. Scobey, Members, Am. Soc. C. E., and to the Central 
Board of Irrigation of India, for valuable data and suggestions. ; 


AMERICAN SO GLE yYe OF CHV ILAEN-GINEER'S 
Founded November 5, ,1852 


4 DISCUSSIONS 


ai ADMINISTRATIVE CONTROL OF 
. UNDERGROUND WATER: 


PERRO lGAL ANID LEGAETASPECTS 


Discussion 


By HAROLD CONKLING, M. AM. Soc. C. E. 


Harotp Conxuine,” M. Am. Soc. C. E. (by letter).““—The able and 
‘instructive discussions of the subject-matter of this paper “bring home” 
the considerable thought which is being devoted to the subject by hydro- 
logical engineers. The paper and the discussions do not deal with a matter 
that has been finished, nor with a mathematical certainty, nor with the 
“results of an experiment; rather they deal with what may be the difficul- 
ties in, and what may be the desirability of, administrative control of 
natural resource, the limitation on the use of which is obscure and is 
‘enwrapped with questions of economics. In such discussions informed 
opinion naturally plays a large part. 
_ The discussions have indicated at least a part of the errors of com- 
Mission and omission in the original paper. The writer is grateful for 
this, and it is hoped that all readers will note them. Any errors in 
acreage irrigated by pumping are not at all material to the purpose of 
the paper. These data are from the Federal Census which is the only 
‘source available, as was found by the writer after attempting to obtain 
the same information from the various State offices. In the discussions the 
scope of the paper has been amplified to the benefit of all. It was 
hoped that both correction and amplification would be the outcome. “Con- 
sider,” said Prah-hotep 5000 yrs ago, “How thou mayest be opposed by 


: Norg.—The paper by Harold Conkling, M. Am. Soc. C. H., was published in April, 
1936, Proceedings. Discussion on this paper has appeared in Proceedings, as follows : 
August, 1936, by Messrs. Joseph Jacobs, and W. D. Faucette and J. B. Willoughby ; 
September, 1936, by R. H. Savage, Assoc. M. Am. Soc. C. E.; December, 1936, by, Messrs. 
i. J. F. Gourley, and O. J. Baldwin; January, 1937, by Messrs. G. H. P. Smith, and 
David G. Thompson; February, 1937, by Wells A. Hutchins, Esq; March, 1937, by 
Messrs. John W. Field, George S. Knapp, and Chandler Davis; and April, 1937, by 
L. Standish Hall, Assoc. M. Am. Soc. C. BH. 

47 Deputy State Engr. of California, Sacramento, Calif. 


“7a Received by the Secretary Mareh 31, 19387. 
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an expert in council. It is foolish to speak on every kind of work;” 
and said Tai Tung, “Were I to await perfection my book would never 
be finished.” 

Many lines of thought have been suggested in the discussion which, 
however tempting, would lead-to an inordinately long closure, and because 
of this specific mention is made of only a few of the factual discussions 
of conditions in specific areas. 

That of Mr. Gourley gives light on conditions in England where the 
development of modern industry is bringing to the fore the desirability; 
of the control of underground water use. Mr. Baldwin has also called 
attention to industrial developments in the Mid-Western United States 
which show that even there a problem now exists. The discussion of 
Professor Smith describes in detail conditions in Arizona and neighbor- 
ing States. In this connection a Bulletin by Professor Smith* on ground 
water Jaw, published in 1937, is well worth reading. Mr. Thompson has 
supplemented and amplified the original paper by a broad and masterly; 
outline of conditions in the eastern part of the United States and by 
an analysis of legal decisions in both the West and the East. A discussions 
of conditions in Colorado, by Mr. Fields, is illuminating because of the: 
intensive development of water supplies in the eastern part of Colorado.» 
This latter discussion appears to support the writer’s thesis that in a: 
State having the appropriative doctrine, use of underground water wouldi 
be legally inhibited by surface rights below the point of use as long; 
as the concept prevails that surface flow is necessary to fill a right which, 
heretofore, has depended on surface flow. The successful pumping: 
which has been instituted along the South Platte River in the recent years of: 
drought, has been successful because of “the live and let live attitude: 
of canal administrators who have been adversely affected, has permitted! 
their use.” In other words, development of ground-water succeeded, 
and the crops of the area were preserved in the recent stressful years; 
because the law was not invoked. This is cogent commentary on the: 
difficulties that arise in the complete application of the law of prior: 
appropriation when ground-water is involved. The foregoing statement,: 
however, seems somewhat contradictory to a subsequent statement in the: 
same discussion to the effect that the prior appropriator is not protected in’ 
his means of diversion and may be forced to pump. Perhaps Mr. Fields 
did not have in mind pumping from under-flow as an alternative means! 
of diversion. 

All who have discussed the paper unite as to the need of administrative: 
control. To the writer this seems clear also, but he is not so definite 
in his belief that actual control is needed at an early stage of develop- 
ment. A ground-water basin in its original state contains large deposits. 
of water which, in most cases, can be withdrawn without great harm 


#8 “Ground Water Law in Arizona and Neighboring States’, by G. BE. P. Smi : . 
Soc. C. E., Bulletin No. 65, Coll. of Agriculture, Tucson, Ariz. cf ee 


*® Proceedings, Am. Soc, C. H., March, 1937, p. 549. 
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except that the water-table is lowered and the permanent supply is thus 
rendered more expensive to secure. In this respect, it is not different 
from an ore body or an oil field. If these deposits of water are not 
exploited, the potential wealth of the country is not developed; and yet, 
they are exploited, it means that some of those using the water during 
-the period of exploitation must cease using it at some future period. 
In other words, these users have only a temporary right; but it seems 
fo violate a traditional concept to speak of a temporary right in water. 
‘How valuable this exploitation may be in some cases is witnessed by 
development in Southern California and in the San Joaquin Valley of 
California where, with mining of water as a foundation and mining of oil 
as a supplement—in the fields side by side with the water basin— 
wealth has been produced which has enabled or is enabling the communities 
to construct huge aqueducts to import water from sources hundreds of 
‘miles distant to replace the mined water and to bring in supplies much 
‘greater than the permanent local supplies. 

An uncontrolled development may bring about the best development 
‘or it may not; but whatever the result the means of its achievement are 
costly. Administrative control at its best would bring about the best 
result in the least costly manner, but it cannot depart too widely from 
“the natural trend of events. If a temporary over-development which mined 
‘the impounded water supplies of the past ages seemed best for the public 
it would be permitted and, therefore, permanent and temporary rights 
would exist. The same results would thus be achieved finally as are 
- achieved in many cases by uncontrolled development; that is, temporary 
over-draft and final adjustment of draft to recharge, with resulting 
abandonment of part of the development. The difference in such case 
‘would be that the temporary rights would be designated in the case of 
control, whereas, with lack of control, such rights would be those of the 
economically marginal users instead of the last users. 

| The point is that the need for flexibility in administration is paramount. 
he principle of prior appropriation, if actually administered aceording 
to the doctrine, can be very inflexible. The doctrine of correlative rights 
‘ean be very flexible. Either doctrine may lead to beneficial results or 
‘either may lead to harmful results. In contemplating possibilities, the 
writer confesses to a distinct distaste for “freezing” any situation within 
‘the narrow confines of administrative action and control unless the 
administrator can be given the right to accept or to reject the areas to 
be placed within his control, either by his own initiative or by action 
on a petition of those using water. As an alternative the administrator 
‘can be given a power he is not now given in any jurisdiction; namely, the 
exercise of judicial functions. i 

Mr. Thompson’s discussion brings out the apparent necessity felt by the 
ourts to define classes’ of underground water so that each situation falls 
into a certain category as to which a precedent exists or as to which 
‘a new precedent can be set. Even by a hydrologist, the artificiality of 
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such definitions can be appreciated only when he must examine them 
in detail. Recently, the writer was faced with the necessity of deciding: 
for purposes of determining jurisdiction, whether a certain body of 
water was a “definite underground stream,” or otherwise. Any reasoning; 
a hydrologist could bring to bear on the matter which led to the con. 
clusion that this body of water is an underground stream, would alsa 
lead to the conclusion that almost any moving underground water is 
an underground stream, and vice versa; but the first-mentioned reason. 
ing process seemed the soundest. The writer is heartily in accord with 
Mr. Thompson’s axiom that “all water beneath the ground is * * * simply, 
ground-water.” The difficulty is that the definitions and the need fow 
definitions have been due to lack of knowledge, with little appreciation 
of the broader phases of the matter. 

To summarize: The numerous and able discussions have done muck: 
to clarify the subject. It is felt that control is desirable, but that iti 
can be accomplished best through a_ step-by-step process whereby tha 
results of each step can be considered before going further. The attempts 
at control in the various jurisdictions and in England have been out+4 
lined. Of course, they are first steps, but it can scarcely be concluded 
after reading these discussions that a uniform law is desirable. Contrast 
conditions in Colorado as described by Mr. Field, with conditions im 
California as typified by San Gabriel Valley; or contrast with these, condi- 
tions in Long Island as described by Mr. Davis. Nevertheless, tha 
basic ideal would necessarily be the same no matter how diverse the form 
of the law; and by it questions of draft which would cause final retro- 
gression would be encompassed whether the retrogression were caused by 
marine or other saline intrusion, by too great concentration of chemicals: 
or simply by drawing more water from the basin than the recharge 
permits. . 

If engineers feel that control is desirable they must formulate the 
kind of control. This matter has become, in some areas (and will become 
in others), a matter which ranks with other phases of life which have 
been given into the control of commissioners with judicial or quasi- 
Judicial power. If the development of underground water brings such 
a situation about as to its control, it will naturally extend to surface waten 
since the two are physically interdependent. It is suggested that such a 
body, combining in its personnel, both scientific knowledge and ability 
for investigational research, can most intelligently cope with the present 
problem, subject of course, to review by the Court. 
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~ BACK-WATER AND DROP-DOWN CURVES FOR 
. UNIFORM CHANNELS 


Discussion 


By P. CHARLES STEIN, ESQ. 


-P. Cartes Srein,* Esq. (by letter)."*—The method for determining 
back-water and drop-down curves in uniform channels, described by the 
‘author, lends itself to a relatively simple routine for computing these 
problems. The errors introduced by the approximation that the area and 
the wetted perimeter are monomial functions of the depth are of small 
order and should be well below the range of error incident to the 


‘selection of a friction factor. 
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Fig. 22.—RELATION OF WETTED PERIMETER AND ARBA TO DEPTH 


mial relations between area and depth 


and between wetted perimeter and depth does not introduce appreciable 
error, even for a circular section, may be seen from Fig. 22 for the 


Nore.—The paper by Nagaho Mononobe, M. Am. Soc. C. H., was published in May, 
1986, Proceedings. Discussion on this paper has appeared in Proceedings, as follows: 
November, 1936, by J. C. Stevens, M. Am, Soc. C. E.; February, 1937, by Messrs, Chesley 
J, Posey, ‘and A. A. Kalinske ; and March, 1937, by Boris A. Bakhmeteff, M. Am. Soc. C, H. 
18 Graduate Student in Hydraulics, Univ. of Iowa, Iowa City, Iowa. 


18a Received by the Secretary March 16, 1937. 
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example given by Professor Mononobe (see text following Equation (382)),, 
in which the depth in a circular conduit, 18 ft in diameter, ranged from) 
30% to 75% of the diameter. The heavy dashed lines in Fig. 22 show? 
the actual variation of area and wetted perimeter and the full lines repre- - 
sent the monomial approximations. 

Tt is to be noted that the range in depths of a back-water curve cannot t 
extend across the critical depth. In practical problems, even in channels: 
not well adapted to the monomial approximation over their entire range, , 
the range will usually be such that the assumption of monomial variation } 
will agree closely with the actual variation of the hydraulic elements : 
with respect to depth. 

Removed from its seemingly complex mathematical treatment, the» 
author’s method involves very simple reasoning and is adapted to a1 
relatively easy computing procedure. Having expressed the area and the: 
wetted perimeter as approximate exponential functions of depth, Profes- - 
sor Mononobe converts the differential equation of Bernoulli’s theorem for: 
a sloping channel (Equation (1)) into a form in which all hydraulic : 
variables are functions of depth and, after grouping terms, integrates: 
the resulting equation to obtain Equation (18) which defines the back-- 
water curve in a uniform channel.” A similar formula, Equation (20),. 
defines the drop-down curve. 

Equations (18) and (20) are solved readily by means of the curves in) 


Figs. 6, 7, and 8. The parameters necessary for using the charts are 2 af | 
oO 


and s. The term, r, is defined as: 
j 
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. 


in which s is the exponent of depth in the approximate area relation; kh: 
is the exponent of depth in the wetted perimeter relation; and m is the: 
exponent of R in the friction formula used, Equation (2). One other 
term, K, is necessary in solving Equations (18) and (20), and it is found | 
from the relation: 


g Do 


in which V, and D, denote the velocity and depth, respectively, which 
would prevail if, for the discharge under eye the surface slope 
equalled the bottom slope. 

An easy method of determining the exponents, s and k, is to compute 
them by means of the logarithmic differences of the values at the end 
points of the range. Thus, in determining the area exponent in Equa- 
tion (18a): 


log"A, = log a.’ 16 log“ Da. (202s. . Sea 


y( — -1 


48» Correction for J'ransaction: In Equation (18), d= a 


dy. 


Pes a 
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log As = log atest log Dy ..'s) 03 6. oan ee (490) 


Subtracting, and solving for s: 
aa log A, — log A, 
log D, — log D, 


_ For the circular conduit mentioned in the text following Equation (82): 
A, = 204.7; A, = 64.2; D. = 18.5; and D, = 5.4. Reading the logarithms 


on an ordinary slide-rule: s = 2.311 — 1.807 _ 1.267. Similarly, for 
: 1.1380 — 0.732 ; 
the wetted perimeter, this type of calculation results in: k = 0.646. 


It is seen that the exponents thus obtained agree closely with those 
‘derived by the graphical method. In the graphical method, the eye is 
‘guided in large measure by the location of the end points. 

The author’s method, wherein he assumes that the average of the 
‘slopes at the ends of the range is equivalent to the slope of the straight 
line best approximating the curve, is open to criticism inasmuch as it 
“may give undue weight to an extreme slope at one end of the range. 
‘The logarithmic method is simpler than the method given in the paper 
‘and is probably less subject to error. 
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DYNAMIC DISTORTIONS IN STRUCTURES 
SUBJECT ‘TO SUDDEN TEAK I hishOCnr 


Discussion 


By HARRY A. WILLIAMS, Assoc. M. AM. Soc. C. E. 


Harry A. WitiiaMs," Assoc. M. Am. Soc. C. E. (by letter).“““—It was: 
the intent of the writer to show that, given a near resonance condition, the¢ 
vibratory amplitudes of single-mass systems build up to critical values) 
quite rapidly. Experimental evidence was offered in support of ther 
mathematical theory. The theory was then simplified and applied to: 
an elevated water tank. This was not done with the idea that all future: 
elevated tanks or other single-mass structures should be designed only: 
in accordance with the simplified equation presented by the writer. It’ 
was offered rather as another approach by which an engineer might 
check his designs and guide his judgment. 

Discussions were presented by Messrs. Ruge, Engle, White, and Jacob- 
sen. Professor Ruge further substantiated the writer’s contentions. His: 
comments on the writer’s conclusion regarding the desirability of design-. 
ing a structure with a period different from that of an expected earth-. 
quake are well taken. The writer’s original statement was made with the: 
hope that in the distant future the type of local ground motions might be: 
reasonably predictable. Only a study of the records of many future earth-. 
~ quakes will answer this question. Meanwhile, it is doubtful whether an: 
elevated water-tank structure can be designed along conventional lines: 
and not be in resonance with any dangerous ground motions. Designing: 
the structure so that the elastic constant varies with the amplitude might. 
be a solution to the problem. Certainly the method of adding more steel. 
to stiffen the structure is open to the criticism offered by Professor Ruge.. 

Mr. Engle presents the so-called “static” point of view and in so 
doing raises a number of questions with which the writer’ finds himself 


Reet 
Norn.—tThe paper by Harry A. Williams, Assoc. M. Am. Soe. C. E., was published in 
May, 1936, Proceedings. Discussion on this paper has appeared in Proceedings, as follows: 
September, 1936, by Messrs. Arthur C. Ruge, and H. M. Engle; February, 1937, by 
Merit P. White, Jun. Am. Soc. C. H.; and March, 1937, by L. S. Jacobsen, Hsq. 
1 Asst. Prof., Civ. Eng., Stanford Univ., Stanford University, Calif. 


ta Received by the Secretary April 15, 1937. 
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in disagreement. A few of these are as follows (the quotations are from 
Mr. Engle’s discussion) : 


_ (1) “There has been a tendency on the part of those interested in 
shaking-table experiments and so-called ‘dynamic design’ to consider the 


at Knowing that the behavior of a vibrating structure cannot. be 
explained by the static method, those interested in the dynamic viewpoint 
are inclined to approach such a problem with some humility and study 
the reactions of a structure to simplified motions rather than attempt to 
eX plain its actual behavior during an earthquake by reasoning a priori from 
theories having very little, if anything, to do with the problem. Mr. 
‘Engle states, furthermore, that “there is no particular mystery involved” in 
the behavior of these structures, and that “a reasonable explanation of the 
“damage can be made.” Yet he asserts in a later paragraph that the prob- 
em is extremely complicated. 

_ (2) To quote further: “At present there is no definite proof that the 
static method of analysis involves any more assumptions or uncertainties 
than the so-called dynamic method.” Obviously, it is necessary to make 
‘assumptions in applying the dynamic method to practical problems. The . 
“writer made a number of these assumptions in his paper when he investi- 
gated the behavior of the elevated water tank. He also showed how there 
‘could be considerable variation in many of the assumed conditions and 
yet the results would remain fairly indicative of the probable behavior 
of the structure during a short interval of an earthquake; and he warned 
the reader against drawing quantitative conclusions from such an investi- 
gation. In the static method, a fictitious force is applied to the center of 
gravity of the structure, this force being made equal to the mass of the 
structure times an arbitrarily assumed acceleration. Only by sheer coin- 
cidence, as emphasized in Professor J acobsen’s disgussion, will it give 
‘stresses which are indicative of the actual stresses which might be 
expected. It would be just as logical a procedure to design the tank struc- 
ture for a 200-mile wind. In doing this, one would be candidly admitting 
that he is merely applying an empirical formula to his problem. The 
writer, of course, is not advocating that the wind-force method be substi- 
“uted for the static method. ‘The latter is a least a step in the right 
direction, and it is making designers “mass conscious.” 

| (3) “A static analysis of damaged towers shows that they should 
Shave failed where failure occurred.” No doubt this was true, yet it does 
not justify the static method, because this method only divulges the weak 
Tf a collapsed tower is replaced with a structure 
are strengthened, another 


easily wreck the new 


i 


points in the structure. 
which is identical except that the weaker points 
earthquake of no greater intensity than the first may 


always been trained to design for strength. 


The structural engineer has 
weakness of a particular member, 


a structure failed because of the 
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that member was strengthened in the new structure. The mechaniee: 
engineer designed in the same way until he was confronted with thi 
development of high-speed machinery. He then discovered that it wai 
sometimes better—as in De Laval’s steam turbines and cream separators— 
to make a shaft more flexible rather than stronger and stiffer in order t 
avoid resonance and large vibrations at operating speeds. It is true tha: 
in some cases an equally acceptable result could have been attained bk 
using a heavier shaft, but this would have required very accurate work! 
manship and, consequently, would have materially increased the cost o 
the machine. In the same manner, certain structures can be made quit: 
safe if they are stiffened sufficiently, but this is economical and practit 
cable only in certain cases. 

(4) During the Long Beach earthquake, the top panel rods in mans 
tank structures were badly stretched or entirely broken. The write 
suggested that possibly many of these failures occurred soon after thi 
beginning of the major shock, because of a nedr-resonance conditior: 
Mr. Engle strongly disagreed with this contention, mainly because suc: 
action was “not consistent with the failure of steel tension members: 
since “stretching takes place first and it takes an appreciable time t' 
jerk the rods apart.” The elementary theory of dynamics and strengt{ 
of materials should make it apparent that the dynamic forces take tim 
to stretch the rods of such a structure. The length of time taken depend 
on the velocity of the mass center of the structure at the instant thi 
elastic limit is reached in the top panel rods. As soon as this critica 
deflection is reached the tower becomes a structure with radically differen: 
dynamic and elastic properties. It may not return to its original positioz 
for several seconds. It seems to verge on the miraculous that “the cessai 
tion of the shock was all that saved many towers [with badly stretchec 
or broken rods] from collapse’—not to mention the chimney of th 
Seal Beach Power Plant with broken diagonals in its supporting stee 
structure. It appears improbable to the writer that each tower was sub 
jected to a motion which stretched or broke its top panel rods and ther 
stopped just in time to prevent collapse. In evaluating the effect of slacl 
rods picking up their loads with a “jerk,” it should be remembered that : 
flexible tower may not necessarily have very high velocities engenderec 
by the ground motion. Moreover, the nature of the “jerk” is in realit; 
a gradually applied elastic force. 


There are a number of other points presented by. Mr. Engle that coul 
be discussed. It is agreed that the behavior of elevated tanks in recen 
earthquakes has been surprisingly good. Only further study and earthquak 
experience, combined with a rational dynamic point of view, will divulg 
how much present design can be improved. 

The writer does not believe that the dangers from resonance or nea 
resonance have been exaggerated. Chaotic motion does alleviate some o 
the danger, but evidence is reasonably conclusive that large distortion 
do build up rapidly, at least for single-mass systems, and records shoy 


i 
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that the ground does follow a more or less regular motion for a few 
eycles at a time. Shaking-table experiments made at Leland Stanford 
niversity and at the Massachusetts Institute of Technology leave little 
ubt but that a vessel and a part of the’liquid it contains act as a 
single-mass system for a few cycles. Wave action, although having some 
ushioning effect” at once, is most noticeable later. Mr. Engle’s remarks 
concerning resonance apply if one is thinking of the general behavior of 
the elevated-tank structure throughout the major part of a shock. They 
do not detract from the writer’s contentions. 

Mr. White’s emphasis and elaboration of certain points of the paper 
are interesting. It is important to note, as he indicates, that the region 
of dangerous frequencies is somewhat wider in the case of suddenly applied 
Motion. This point further emphasizes the difficulty of avoiding near 
resonance by making only nominal changes in a single-mass system sub- 
ject to earth shock. 

a The writer is very much indebted to Professor Jacobsen, not only for 
his comments on the paper, but also for the addition of a very 
desirable discussion pertaining to buildings. The last line of Table 1 
shows how much in error one might be if he were guided entirely by the 
static method. As Professor Jacobsen points out, the dynamic forces 
involved for the “below resonance” condition are of a large order, and 
they occur very shortly after the beginning of the ground motion. In com- 
paring the “below resonance” and “near resonance” results, the reader may 
he interested in the data as it is arranged in Table 3 for the tests involv- 


TABLE 3.—Data OptatneD FROM Fas. 2 AND 3 


BELOW NEAR ABOVE 
Resonance | Resonancn | RESONANCE 


0.77 1.06 1.21 
1.3 oe 30) 


Ratio of model period to ground period. ........-.+-+++- 


a) 


Relative values of elastic constants .......--+-+++eee: 2.4 


oS 


(c ‘umber of Jes of ground motion when the dynamic 
4 | ee eae See ACO ree nen: Omar oE hE Leis liad Seed. 9), | See eb sea 0 


aaa 0.31 | 0.38 | 0.27 | 0.40 | 0.19 | 0.23 


Ratio of dynamic force on model to weight of model 


Ratio of dynamic force to a constant fictitious force 
based on maximum harmonic acceleration of the ground, 
0.085 g times mass of the model......----++++s+000- Bl 4.5 | Bey 4.7 2.3 


ing the least friction only. These results show that relatively large 
dynamic forces are set up also for the “near resonance” condition during 
the first few cycles even if the maximum does not occur for some time. 
It will be noted that the dynamic force equals 38% of the weight of the 
model at the end of 1.8 ground-motion cycles in the case of “below reso- 
ance” whereas it reaches 27% in approximately the same time for the 
Tf the models represented two conventionally 


mear resonance” model. 
question, depending on the design, 


esigned structures, there would be a 
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as to which structure was being subjected to the more critical unm 
stresses. The rigidity of one structure may be double that of anothe 
whereas its critical strength is only slightly greater. In other cases, th 
more rigid structure may be very much stronger. 

The results of experiments with a 1%7-story building model, whic 
Professor Jacobsen presented as a part of his discussion, further emphasiz 
the effects of resonance, these effects becoming quite important in one « 
two cycles of ground motion. 

It is agreed, as Mr. Engle stated, that “actual disaster experience wher 
properly interpreted is a fairly good foundation for basing future practice; 
The proper interpretation of the results of “Nature’s shaking-table exper: 
ments” is of the utmost importance. Although it is entirely possible tha 
at some future time those interested in the dynamic approach will conclua 
that there are too many variables in most practical problems to justit 
the use of mathematical expressions based on the more exact dynam: 
theory and that an empirical approach similar to the existing stat’ 
method must be resorted to, that time has not yet arrived. When am 
if it does arrive, those applying the empirical method will find that 
familiarity with the behavior of structures when subjected to very simp) 
motions will be an invaluable aid. 
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ANALYSIS OF VIERENDEEL TRUSSES 


Discussion 


By DANA YOUNG, Assoc. M. Am. Soc. C. E. 


: Dana Youne,” Assoc. M. Am. Soc. C. E. (by letter).“*—The discus- 
sions have revealed many interesting facts. Additional examples have been 
“piesented and checked, other methods of analysis have been recommended, 
_ and several “short-cut” procedures have been proposed. 

_ Mr. Mensch has presented an instructive application of the method to 
a multi-storied bent. It may be noted that Equation (97) is simply a 
special case of Equation (53) and may be readily obtained from the 
latter. Table 1, which gives a comparison of H-values obtained by the gen- 
eral method with those from the approximate portal method, is help- 
ful in showing the errors that may occur from using: the latter method. 
Mr. Mensch has also given a “short-cut” method of applying the general 
equations to a specific problem. This is a good illustration of the simplifi- 
‘cations that are practical in many cases, as was noted in the paper under 
‘the heading, “Special Approximations.” 

Mr. Eremin has suggested that, for trusses with parallel chords and 
constant moment of inertia, it is sufficiently accurate to assume points of 
contraflexure in all members at their mid-lengths; that is, the portal 
‘method. However, it is well known that this method is often in serious 
error. This fact is clearly illustrated by Mr. Mensch in Table 1. Equa- 
‘tion (122), which is given without proof, is readily derived from statics, . 


’ M’ # Vf . 
using the assumption that Mira + Me = = av =! . Although “this 
Mg + Msc Tee I, 

‘assumption is satisfactory in some cases, it may be shown that in trusses 
with large differences in the moments of inertia of the chords, the error 


will be considerable. The approximate formulas, Equation (123) and 


ore.—The paper by Dana Young, Assoc. M. Am. Soc. C. B., was published in 
A feast 1936 Dp ccedings. Discussion on this paper has appeared in Proceedings, as 
follows : November, 1936, by Messrs. L. J. Mensch, A. A. Hremin, Leon Blog, A. W. 
Fischer, and L. C. Maugh: January, 1937, by John B. Goldberg, Jun. Am. Soc. C. E.,; 
“February 1937, by Messrs. Louis Baes, BH. C, Ingalls and Ralph B. Peck, Harold BP. 
4 Wessman, and A. Floris; and March, 1937, by Messrs. Kimball R. Garland, and J. D. Gedo. 
® Agst. Prof. of Eng., Connecticut State Coll., Storrs, Conn. 
4a Received by the Secretary April 13, 1987. 
45> Equation (120) is evidently in error, since it follows from Tig. 
Statics that qow = % Po. 
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Equation (124), especially Equation (123), which Mr. Eremin proposes— 
are too inaccurate for general use. Although they give good results in the 

particular example given, they cannot always be relied upon to do so. 
Mr. Blog has presented a summary of Professor Vierendeel’s method 
of analysis and claims that this method is simpler and more accurate than 
that. proposed in the paper. It is true that Equations (127) through (180), 
inclusive, are simpler than those in the paper, but that is because the 
former group is based upon several assumptions. Because of these assump-~ 
tions, it is not true that the Vierendeel equations are as accurate as 

the others. The primary assumption in the Vierendeel method is that, 
M’ I” a 


M" <a I” ds 


Mr. Blog states that Professor Vierendeel proves that this relation is true: 
However, a careful check of this derivation? will show that it is 
based on the assumption that the vertical deflection of corresponding 
points on the upper and lower chords of a truss are equal throughout the 
length of the truss. This is not true except in special cases. The fact 
that Equation (155) is not exact may be readily shown by a numerica; 
example in which the moments of inertia of the chord members are not 
equal. Such an example has been very conveniently solved by Messrsé 
Ingalls and Peck in their discussion. An inspection of their results, whick 
are given in Table 2, shows this immediately. Another assumption 
which Professor Vierendeel makes, as stated by Mr. Blog, is that the upper 
chord has a finite area but an infinitely small moment of inertia. As ¢ 
result Equations (127) to (130), inclusive, involve these assumptions andi 
therefore, must be used with caution. 

Messrs. Fischer, Goldberg, and Ingalls and Peck have added materially 
to the paper by developing other examples and checking by’ other methodd 
of analysis. 

Several of the discussions have indicated other methods of analysis 
Mr. Maugh has described an interesting method using deformation equa: 
tions with auxiliary force systems, which may be solved either directly 
or by successive approximations. This discussion contains a numerica! 
computation which purports to show that an error of — 3% in Hi and o- 
+ 3% in V’» might cause an error of 40% in M’sx. This example neglects 
the relation that exists between Hi» and V’x. which is given by Equa: 
tions (77) and (79). From these equations, it is seen that, for the condition 
assumed by Mr. Maugh (that is, Miw = 2 Hw), the error in V%. mus* 
be in the same direction as that in. Hi» and, hence the error in M7 
will be much smaller than shown in his calculation. Professor Baes has 
referred to an ingenious method based upon the experimental determina: 
tion of the point of contraflexure in each vertical member. This methoc 
appears to be very promising since experience in analysis tends to show 
that the position of the point of contraflexure in the vertical members varie: 


a a a 
*“Cours de Stabilité des Construction,” by Arthur Vierendeel, Tome IV, Louvain, 1920 
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ly slightly for considerable differences in the moments of inertia of the 
fuss members. Professor Baes objects to the statement that the funda- 


the mass of current engineering literature would be considerably easier 


to follow. In this particular case, it is believed that the designation 
used is consistent with general practice in the United States. 


method to the examples given. As these diseussers have shown, although 
there are certain troublesome details in applying this method to a truss 
with inclined chords, the method is perfectly possible. In this connec- 


May also be solved by successive approximations, as was indicated, and 
will be found to converge very rapidly. Professor Wessman has raised 


© sensitive to changes in sections of members, that it is impossible to 
obtain a final design in one or two trials. Although such a condition 
is a possibility, it has been the writer’s experience that no difficulty 
sccurs in this direction in actual cases. The writer heartily agrees with 
Professor Wessman that analysis and design go hand-inhand” and 
must be considered together to insure satisfactory results, as in all good 


7 Mr. Floris has stated that the Vierendeel truss is fundamentally inferior 
fo trusses with diagonals. Although it is outside the scope of the paper to 


tion, it may be stated that the most usual form of Vierendeel truss for 
bridges is the bowstring type, which is very similar to a bowstring or 
fied arch, and possesses the advantages of this form of structure. In such 
sases, as mentioned by Mr. Maugh, the Vierendeel truss arrangement 
8 often a simpler design, particularly with welded steel or reinforced 
eoncrete construction. 

_ Mr. Gedo has presented an interesting and helpful discussion. His 
‘omparison of stresses in Vierendeel, riveted, and pin-connected trusses 
$ very instructive. However, as mentioned previously, it would be more 
propriate to compare the Vierendeel truss with a tied arch design, in 
wrder to understand best the possibilities of this form of construction. 
Mr. Gedo provides a refreshing contrast to some of the other discussers in 
hat he advocates the direct solution of the general equation. 

In closing, the writer wishes to express his sincere thanks to all the 
fscussers for their contributions to this study. 
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SIMULTANEOUS EQUATIONS IN MECHANICS 
SOLVED BY ‘ITERATION 


Discussion 
By Messrs. A. FLORIS, AND W. L. SCHWALBE 


A. Fuorts,* Esq. (by letter).“*—This illuminating paper will undoubted! 
bring to the attention of engineers in practice the great importance of iter: 
tion in the analysis of statically indeterminate structures. This metha 
of solving simultaneous equations of statics can be applied equally well - 
other problems than those treated by the author. 

The use of converging approximations for determining the values of tk: 
end moments of beams and columns in the moment distribution method i 
in reality, an iteration process. Furthermore, the treatment, by this metho: 
of problems involving side-sway yields simultaneous equations the number + 
which is equal to the number of stories. These equations can also be solve 
by iteration”. 

The author treats the problem of side-sway in rigid frames by applying tk 
equations of five angles. In these equations the unknown angles are dete: 
mined by iteration. The writer’s practice® in using the moment distributic 
method in case of side-sway is, first, to determine the coefficients of propo 
tionality in the equilibrium equations by iteration. The values of t} 
moments are then found by multiplying the distributed moments by the: 
coefficients. In every case of lateral forces or unsymmetrical loads there a: 
obtained simultaneous equations in which the coefficients of the diagon: 
falling from left to right are considerably greater than the remaining coef 
cients. In this case, the calculated values approach the true values 1 
repeated approximations. In other words, the equations converge. Conter 
porary contributions to this important criterion of convergence ar 
Runge, (2)**, and Mises and Pollaczek-Geiringer (4) whose work has bee 
cited by the author, and Helmut Wittmeyer™. | 


— Ss SSSSSSSSSSSsSs 

Norn.—The paper by W. L. Schwalbe, Esq., was published in August, 1936, P 
Discussion on this paper has appeared in Proceedings, as faulowe : November 1 osaie 
Messrs, Garrett B. Drummond, and A. W. Fischer; December, 1936, by M. B. Gamet, Ju 
Am. Soc. C. H.; and January, 1937, by Messrs. Marvin A. Gray, and John B, Goldberg. 

* Dipl.-Ing., Los Angeles, Calif. 

74a Received by the Secretary January 6, 1937. 

* “Analysis by Moment Distribution Aided Through U ae ; 
_Engineering News-Record, June 25, 1936, p. 922. Bp une of Heraton aan 

25a » Nor Bide pe aaa Re refer to Appendix I of the paper. 

78“Ueber die Lisung von linearen Gleichungs-systemen durch Iteration’ 
Wittmeyer, Zeitschrift fiir angewandte Mathematik und Mechanik, October ‘1936, | 
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| W. L. Scuwarss,” Esq. (by letter).“*—The procedure for solving n 
simultaneous equations of a general nature by successive approximations 
has been outlined by Mr. Drummond. The iteration procedure in the paper 
is more useful for those special systems that can be expressed by means 
$ of single equations, the single equation stating precisely what the iteration 
“procedure must be for the solution of the n equations. 
_ The example given by Mr. Fischer is a useful one for making a direct 
comparison of values computed by his exact method, by the procedure in 
the paper, and by the moment-distribution method according to Messrs. 
Thompson and Cutler.® 

_ The development of “slope-deflection” methods in the United States 
“proceeded essentially as pointed out by Messrs. Gamet and Goldberg. 
An additional reference may be cited, namely, the work of F. E. Richart, 
M. Am. Soc. OC. E.* 

- In Germany, formulas of the type of Equations (22) and (23), Appendix 
“II, were used by F. Lippich,” in the derivation of the three-moment equa- 
tion. His equations included terms due to settlement of supports. F. 
“Grashof” used formulas of the type of Equations (24) and (25) in deriving 
the three-moment equation for level supports. In his equations the load 
factor was not expressed in terms of fixed-end moments. 

- he writer would extend Mr. Gray’s suggestion for a “symposium’ to 
or nelude not only “slope deflection,” but all the theories of statically inde- 
‘terminate analysis, with a glossary of symbols and terminology and a 
‘bibliography. In this connection the brief review and history, by H. M. 
Westergaard, M. Am. Soc. CO. E.,” of the four general theories would serve 
as a basis. 
> The purpose of the paper (as stated in the “Synopsis”) was not to pre- 
sent a new theory of statically indeterminate beams and frames, but to 
demonstrate the method of iteration in the solution of certain types of 
sets of simultaneous equations which occur in the application of theories 
already in existence. Consequently, the list of references is not a “who’s 
who” in any particular theory. 

Tt seemed desirable to extend the terminology which was begun by 
the introduction of the now well-established term, “three moment,” to 
other equations of a similar character; hence, the use of the terms, “three 
angle” and “five angle” (3)*. To call equations of this type “slope deflec- 
tion” equations, is a misnomer since “slope deflection” formulas are 
originally of the type of Equations (22) and (23). The latter are only 
, Univ. of Illinois, Urbana, Ill. 


21 Asst. Prof. of Theoretical and Applied Mechanics, 
27a Received by the Secretary April 12, 19387. 
6 Transactions, Am. Soc. C. B., Vol. 96 (1932), pp. 108-110. 


: isti inate Stresses in Stiff Framed Structures,” by F. BH. Richart, 
\ Beiter ie tne q eee eTiinols, 1915, in partial fulfillment of the requirements for the 


de of Master of Science in Civil Engineering. : 

0 2 “Theorie des Kontinuirlichen Trigers Konstanter Querschnitte,” Allgemeine Bau- 
Zeitung, Vol. 36 (L871). LOd: 

% Zeitschrift, Vereines Deutscher Ingenieure, P 
81“One Hundred Fifty Years Advance in Structural Analysis, 
E., Vol. 94 (1930), p. 226. 

; 8 Numerals in parenthesis refer to Appen 
ings, p. 870. 
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’ Transactions, Am. Soe. 
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a part of the story of statically indeterminate analysis. Virtual won 
or continuity and equilibrium conditions are also necessary to determir 
the final relationships. 

The rapidly growing literature in the field of structural analysis give 
one the impression of “schools of thought.” Perhaps an increasing numbe 
of such esoteric sects is necessary for the growth of a subject but, surel; 
for a beginner the learning of fundamental principles underlying any laté 
ritual is most important. 

The importance of iteration in analysis has been emphasized by MI 
Floris. This procedure is especially useftl when the statically indetermina: 
unknowns are selected in such a way that the set of simultaneous equation 
can be represented by a single equation in the form of a difference equa 
tion or recursion formula. Any unknown is thus expressed in terms of 1: 
neighbors. With known boundary conditions and _ convergence, tk 
unknowns can then be computed by starting with any set of arbitran 
values for the unknowns and correcting each value step by step by mean 
of the recursion formula until all the values become fixed. 

In the theory of elasticity, a differential equation can always tk 
replaced by a difference equation which represents a set of algebra: 
equations. According to R. D. Carmichael*: “A differential equatioz 
with or without boundary conditions, may be realized in an infiniti 
number of ways as the limiting form of an algebraic system, so that ther 
is always room for choice in setting up the system, and in fact need fd 
care that it shall be done in a convenient way.” The idea thus expresse 
may well serve as a guide for approximation methods in many problem 
for which integral solutions are impossible. The algebraic equations ma 
be regarded as defining a statically indeterminate net or framework, tl 
difference equation serving as a bridge from one field to the other. 

Iteration as a method for the determination of roots of algebra: 
equations had its beginnings in 1674.% The earliest applications to tli 
solution of problems in elasticity were probably those of OC. Runge* arm 
L. F. Richardson,* Since then the use of the method has been considerabl) 


; 32 “Algebraic Guides to Transcendental Problems,” Bulletin, Am. Pi 
Hoe ier in, Am. Math. Soc., Vor Py 
3%“The Calculus of Observations,” by Whittaker and Robinson, 1924. 
* “Ueber eine Methode die partielle Differentialgleichung, AU = 
zu integrieren,”’ Zeitschrift fiir Math. u. Physik, Vol 56 (1908), p. osonstant, amen 
% “The Approximate Arithmetical Solutions by Finite Differences of Physical Problen 
Involving Differential Equations, with an Application to Stres i ve 
Philosophical Transactions, London, Vol. 210A (1910), Dp. 307. ebcre  | 
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_ ANALYSIS OF CONTINUOUS FRAMES BY 
; BALANCING ANGLE CHANGES 


Discussion 


4 


_ By Messrs. P. CRAIG LIVESAY AND WILLIAM M. SIMPSON, AND 
LE. B..GRINTER 


P. Craig Livesay,” Ese., anp WititrAmM M. Siwpson,” Ese. (by letter)**— 
In opening his paper Professor Grinter has stated that the method of 
balancing angle changes has been presented as an additional tool to be 
used by the engineer wherever it may be found superior to other methods 
or an aid in checking a special problem. The relative merits of balancing 
angle changes as compared with other methods will depend upon the 
problem considered and the preference of the engineer who is making use 
‘of the method, which, again, will depend upon his familiarity with the 
various methods. 
- The writers have used the method of balancing angle changes to solve 
a variety of problems most of which have been checked by the method of 
balancing moments, or by the column analogy, in order to prove the self- 
shecking features of the method. No difficulty has been experienced in 
Obtaining results to any desired degree of accuracy, and no problem has 
been encountered to which this method could not be adopted. The types of 
problems solved include the following: Secondary stresses: bent analysis, 
involving side-sway; joint slip; wind-stress analysis in building frames; 
influence lines for continuous beams; and settlement of supports. 
Because of the briefness of the treatment of side-sway by Professor 
Grinter, it was thought that an illustration of two special cases of joint 
translation would be useful. 
The first example chosen to illustrate the method of handling side-sway 
a slant-leg bent with an applied horizontal load. The analysis by 


 Nore—The paper by L. E. Grinter, Assoc. M. Am. Soc. ©. H., was published in Sep- 
lember, 1936, Proceedings. Discussion on this paper has been published in Proceedings, as 
follows: December, 1936, by Messrs. John EB. Goldberg, G. A. Maney, Paul Andersen, and 
William F. Luce; January, 1937, by Ralph E. Byrne, Jr., Jun. Am. Soe C. E.; March, 19387, 
y Messrs. L. J. Mensch, Marvin A. Gray, and A. Floris; and April, 1987. by Messrs. Fred 


J. Benson, and David B. Hall. 
#2 Teaching Assts., Dept. of Civ. Eng., Agri, and Mech. Coll, of Texas, College 
ation, Texas. 

#0 Received by the Secretary, April 9, 1937. 
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balancing angle changes is shown in Fig. 21. An unresisted side-swe 
similar to the one shown by the dotted lines has been assumed. (FH ha 
been omitted throughout, since it will cancel as may be shown by settir 
up the equations for the angle changes and the shears.) The angle chang 


9% 


Fie, 21 


were assumed as convenient values taken in proportion to the angles f: 
a side-sway of 1 in. The small triangle above Joint C shows movemem 
for a 1-in. deflection. These angles were then balanced by following t: 
procedure outlined by Professor Grinter (under the heading, “Procedure 

Balancing Angle Changes’). All joint rotations due to this balance ai 
enclosed in rectangles near the joints. After the balancing of angles wi 
completed, the horizontal shear in the vertical leg and the horizontal con 
ponents of the shear and the direct stress in the slant leg were compute 
The sum of these horizontal forces was found to 379 lb. The correctic 


25 000 


ratio was , or 65.9. The true joint rotations in the structure d! 


to the horizontal loading were then found by multiplying the enclosed joii 
rotations by this ratio. The true p-values were found, similarly. This be 
analysis illustrates the method of using a correction factor, as explained © 
Professor Grinter (see heading, “Bent Analysis”). 

The second example (Fig. 22) is an analysis of the frame presented 
the author in Fig. 2, with the exception that the fixed support, F’, has be: 
replaced by a nest of rollers. Points A and ( were assumed to lie in t 
same horizontal plane. This example illustrates the method of side-sw 
correction for an unsymmetrical structure carrying loads which are n 


Gey 
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the direction of free movement. The author’s example permitted no 


ide-sway because of the fixed support at F and thus no correction for side- 
sway was necessary. G 


Fig. 22 


When Joint F in Fig. 2 was replaced by a nest of rollers, the unbalanced 
restraint was found to be 1044 lb. This restraint prevented side-sway 
which would have moved Joint D toward Joint F. 

An unresisted side-sway was then imposed upon the pin-connected 
Tame, as indicated by the dotted lines in Fig. 22. A rotation of —- 100 was 
assumed in the member, DE. The geometrical deformation of the frame 
letermined the rotations of the other members. The member rotations used 
i balancing angles were pas = 111, psp = 48, poo = 111, and poz = — 100. 
All joint rotations due to this balance are enclosed in rectangles near the 
joints. The unbalanced horizontal force in the structure was found to 
e 338 lb. The modulus of elasticity has been neglected. 

The joint rotations and the p-values of the assumed side-sway were 


1044 . These corrected values were then added to 


nultiplied by the ratio, 


he joint rotations indicated in Fig. 2 (multiplying the author’s values by 
before adding). Each final joint rotation and p-value is marked with 
asterisk in Fig. 22. This completed the analysis for side-sway. In 
pplying the slope-deflection equations to these values, the modulus of 
lasticity should be omitted. 

When applying this method to particular problems many advantages 
nd disadvantages, as compared to other methods, may be found. Regard- 
ass of the type of problem to which this method is applied there is one 
mprovement over other methods. This advantage is its self-checking 
sature. There is a chance for compensating errors, of course, but that 
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chance is very slight. In addition, the method has been very useful t 
the writers in giving them a clearer picture of the physical deformatio 
of a structure under any given set of conditions. 


L. E. Grivter,” Assoc. M. Am. Soo. C. E. (by letter)**.—The unusualll 
clear and useful discussions have undoubtedly added much to the clarif 
cation of the paper on balancing angle changes. As anticipated by th 
opening and closing paragraphs of the paper, the method has intereste: 
those who were either familiar with the slope-deflection method of analysi 
or who had ‘used the method of balancing moments. It is not to E 
expected that others would find the method either immediately convenier 
or attractive, since they would not only be faced with a new and uniquel 
disturbing procedure but probably with a new terminology as well. How 
ever, many persons are being exposed regularly to contact with moder: 
methods that are now in use by some one in nearly every office so that 
gradual evolution is in progress. \ 

It is interesting to observe the different opinions expressed with refer 
ence to the similarity between balancing moments and balancing ang) 
changes Mr. Floris, Mr. Byrne, and Mr. Mensch are seemingly c 
the opinion that the two methods are practically one and the same. On th 
other hand, Mr. Gray and Professor Maney seem positive that the methos 
of balancing angle changes is really the old slope-deflection method in 
new dress. However, Mr. Goldberg answers adequately Professor Maney; 
contention that “‘balancing angle changes’ is merely a new group ¢ 
words to describe what has been done for years in the solution of the slope 
deflection equations,” when he points out that “throughout the enti 
slope-deflection analysis the concept of continuity is firmly maintained! 
while in balancing angle changes “continuity is first destroyed and the: 
* * * re-established.” The resemblance that Professor Maney noticed we 
for a special case of secondary-stress analysis to which discussion tk 
writer devoted’ only two sentences of the paper. 

Several discussers, notably Mr. Floris, Mr. Goldberg, and Mr. Mensa 
had some difficulty in analyzing for side lurch by balancing angle change‘ 
Mr. Floris will find that Mr. Andersen has solved this problem most exces 
lently without the use of an “unresisted side lurch” whereas Messrs. Live 
say and Simpson and also Mr. Benson apply, effectively and brilliantl 
the conception of an “unresisted side lurch.” The interesting probler 
of a two-level bent, analyzed accurately by Mr. Benson, will clarify the mi: 
conceptions of Mr. Goldberg that the method would necessarily become ai 
approximation for a two-story frame. Evidently, the work involved ii 
each of the examples presented by the discussers is much less than by am 
of the classical methods. The final moments can always be obtained 4 
any degree of accuracy desired. 

Mr. Andersen questions the writer’s procedure of “carrying-over” fror 
one joint before “balancing” at adjacent joints, as in Fig. 2. Experiena 


* Prof., Structural Eng., Agri. and Mech. Coll of Texas, College Station, Tex. 
38a Received by the Secretary April 19, 1987. r 
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with the several methods of successive corrections has shown that the 
wocedure used in Fig. 2 produces the fastest possible convergence. The 
amber of terms involved in Fig. 14 could probably be reduced considerably 
without the sacrifice of accuracy by adopting: the balancing procedure from 
Fig. 2. 

_ Mr. Gray stated in his opening sentence that the purpose of his discus- 
‘sion would be “to test the theory of this paper-in all its technical phases.” 
‘Since his discussion does not mention the use of balancing angle changes 
for any of the many purposes considered in the paper, it appears that this 
purpose was not carried to a conclusion. His discussion is composed 
mainly of a carefully presented demonstration that the ¢-values and the 
arry-over factors can be derived from the slope-deflection equations. 
d aturally, this is true, but it is also true that these primary factors can be 
found directly by area moments, by virtual work, or by any of the known 
‘methods of deflection and slope computation. Mr. Hall’s excellent discus- 
sion points out other procedures. It is worth noting that the slope-deflec- 
‘tion equations are themselves derived by area-moments in most textbooks. 

_ Mr. Luce has tested the method of balancing angle changes on a sufii- 
ciently wide variety of structures to speak with assurance as to its gen- 
‘eral application. The difficulty that he has found with reference to its 
ase in wind-stress analysis has probably occurred to others; namely, that 
‘riterion ratios are based upon shears rather than angles and, therefore, 
a correction ¢-value or p-value in a story is not easily determined. This 
difficulty can be overcome, however, by a study of the influence of an 
‘unresisted side lurch in a typical story upon adjacent stories when joint 
‘continuity is restored. This study will involve a correlation of o-values 
and §-values with story shears. An investigation of these relationships has 
been performed successfully under the writer’s direction. 

The thoughtful discussion of Mr. Byrne was pointed mainly toward 
the need for obtaining ¢-values, stiffness factors, and carry-over factors 
for starting the process of balancing. ‘The integral ‘signs in his discussion 
vive it a rather formidable appearance, particularly when it is compared — 
with the paper in which the ideal of mathematical simplicity was para- 
mount. However, Mr. Byrne does show conclusively how factors for 
moment and angle distribution are related. In answer to Mr. Byrne’s 
questioning statement that he knows of no tables giving directly the quanti- 
jes used for balancing angle changes, the writer submits Table 8 which 
was prepared during a study that he made in 1925. The source of these 
data is now unknown, although it is recalled that they represented only a 
slight revision of standard tables. They supply values of Factors A and B 
for substitution in the simplified formulas: 


PP NEE ie sr hn eh Ae (42a) 
1000 EI 
and, 
eONeL TB dy Oe Oe aN (42b) 


~ 1000 EI 
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in which @ and £, respectively, are the rotations at the left and right endd 


of a beam. + 
Mr. Hall may also be interested in Table 3, since the constants obtainee 


from this table are for haunched beams to which his excellent discussion 


TABLE 3.—Facrors ror Soxtution or Equations (42) 
ee —————————————————————————————_—___ LEED 


ig 
Facrors A anp B, ror THE FoLtow1ne VALUES OF mf =—: 


Values of n* = + ec 


1.00 } 0.60 | 0.30 | 0.20 | 0.15 | 0:12 | 0.10 | 0.08 | 0.06 | 0.05 | 0.04 | 0.03 | 0.02 


(a) SrRaicHT HAauNcHES 


AL ese ctes sfahovagenctoxels 333 | 251 | 173 | 140 | 121 | 109} 99] 89] 78| 71 64 | 56 vy 
Bsn seats 167 | 141 | 106 91 82 vives 65 59] 55] 50} 45 3% 
0.4 ‘ 
7: Si RIGO 333 | 264 | 198 | 171 | 154 | 144 | 186 | 127 | 117 | 112 | 106 | 99 9¢ 
IF ORES hb hele 167 | 147 | 125 | 115 | 108 } 104 | 100 96 92 89 86 83 vir 
0.35 
CARPE eR aie Sah ids 333 | 271 | 212 | 187 | 172 | 162 | 155 | 147 | 188 | 133 | 128 |.122 114] 
CANTR byehotcish sha exe's 6 167 | 151 | 184 | 126 } 120 | 117 | 114 | 111 | 107 | 105 | 103 | 100 Ou 
0.30 
af alles Sepainy nia 333 | 278 | 226 | 204 | 191 | 182 | 175 | 168 | 160 | 156 | 151 | 145 13% 
Sete ant, oh 167.| 154 | 142 | 185 | 181 | 129 | 126 | 124 | 121 | 120 | 118 | 116 111 
0.25 
PARP ee pee clase 333 | 286 | 241 | 222 | 210 | 203 | 197 | 191 | 184 | 180 | 176 | 171 16-£ 
IBM ceca eeragatvcttcvtas 167 | 158 | 149 | 144 | 141 | 189 | 188 | 186 | 134 | 183 | 182 | 130 12% 
0.20 
Why ie Rad hs, 2A 8 Je% 333 | 294 | 257 } 241 | 231 | 225 | 220 | 215 | 209 | 206 | 202 | 198 19" 
oan Baweihee pete. » 167 | 161 | 155 | 152 | 150 | 149 | 147 | 146 | 145 | 144 | 143 | 142 144 
SO ates Sed Sl OP 333 | 303 | 274 | 261 | 254 | 249 | 245 | 241 | 237 | 234 | 231 | 228) 224 
ES grips atvoesetsvetowe 167 {| 163 | 160 | 158 | 157 | 156 | 155 | 155 | 154 | 154 | 153 | 152 15 
(6) ParaBotic HavuncHses 
0.5 
PA eaters cect he 333 | 273 | 213 | 186 | 170 | 158 | 150 | 141 | 130 | 123 | 116 | 1084 10% 
ae IER AG Soe oer 167 | 150 | -181 | 122 | 115 |.110 | 107 | 102 | 97 94 91 86 | 8 
“he agi [ase Fe ape 333 | 283 |. 233 | 210 | 196 | 187 | 180 | 172 | 162 | 156 | 151 | 143 13¢ 
nae UB ee eins sche Sit) sie' 167 | 156 | 143 | 186 | 182 | 128 | 126 | 123 | 120 | 117 | 115 | 112 10° 
on A a ee 333 | 289 | 243 | 223 | 210 | 202 | 195 | 188 | 179 | 175 | 169 | 162 15¢ 
Ao BMS eNe ter bie, 6 ale 167 | 158 | 148 | 143 | 1389 | 1386 |} 135 | 1382 | 129 | 128 | 126 | 123 12¢ 
pap Avetee Sho | oi 333 | 295 | 254 | 236 | 225 | 218 } 212 | 205 | 198 | 193 | 188 } 183 17 
os B Sas ee ae 167 | 160 | 152 | 148 | 146 | 144 | 142 | 140] 139 | 137 | 185 | 184 13] 
BNE Ala eee de te 333 | 300 | 266 | 250 | 241 | 234 | 229 | 224 | 217 | 213 | 208 | 204] 198 
pee 1a cnt Ree aaa 167 | 162 | 156 | 154 | 152 | 150 | 149 | 148 | 147 | 146 | 144 | 143 14] 
Di PAM . teeny 333 | 306 | 278 | 265 | 257 | 252 | 248 | 243 | 237 | 234 | 230 | 227 | 221 
nas Eerste leesisls, sole She 167 | 164 | 160 | 158 | 157 | 156 | 155 | 154 | 153 | 153 | 152 | 151 re 
Rade Aneg Ray ak 333 | 312 | 290 | 281 | 274 | 270 | 267 | 264 | 259 | 257 | 254 |-250 | 24€ 
Bite e Pc isicle sp Case 167 | 165 | 163 | 161 | 161 | 160 | 160 | 159 | 159 | 158 | 158 | 157 157 
————————————— 
*n = the ratio of the length of the fillet, a, to the span length, L. + m= the ratio of the moment 


of inertia, J, at the center of the span, to the moment of inertia, Je, at the support. 


refers. Mr. Hall has contributed the very brilliant and useful suggestion 
that the deflected curve for the effect of a unit end moment is an influence 
line for end angle change. The writer would add that the angle change 
caused by the unit moment is an inverse measure of stiffness from whick 
distribution factors are obtained and that the ratio of the angle change a 
the far end to the angle change at the near end is the carry-over facto. 
for angle distribution. Hence, one loading (applied unit end moment) 
and a single analysis will give rise to all data for balancing angle changes. 
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It is suggested that the haunched beam is best analyzed for end slopes 
and elastic deflections by. area moments preferably modified by the con- 
_jugate-beam conception. Table 8 gives the end angle changes for a wide 
P ange of haunched beams. 7 

z Mr. Mensch states that the effect of side lurch was overlooked in Fig. 2 


4 the paper. The fact that side lurch was not discussed was not an over- 


ae 


sight but was premeditated and to this end Support #’ was shown by the 
standard convention of a non-movable support. If lateral movement had 
been permitted, the support, F’, would have been shown by the standard 
convention for a rocker or roller nest. ‘These conventions do not ordinarily 
‘receive explanation in a technical paper. Hence, it seems that Mr. Mensch 
erred in making his statement that “this example is a flagrant disregard of 
the fundamental conditions of equilibrium” about as seriously as he over- 
stated the writer’s actual claims when he wrote “the author claims that he 
Thas found a new and revolutionary short-cut in the analysis of indetermi- 
“nate structures.” These very modest “claims” are stated in the concluding 
paragraph of the paper as; (1) The method is self-checking; and (2) it 
offers the clearest possible picture of the physical action of the structure. 
The discussion of Messrs. Livesay and Simpson shows how the introduction 
‘of a roller nest at Support F would change the calculations. 

- Mr. Benson, Mr. Andersen, Professor Maney, and others have generously 
“emphasized the self-checking features of the method. That the method is 
“definitely self-checking is its greatest single advantage over methods that 
“deal with moments or stresses alone. Others have mentioned the fact 
“that the method gives a clear physical picture of the action of the structure 
corresponding with the various mathematical steps in the analytical process. 
Some would conclude, apparently, that this same advantage exists in all 
slope and deflection analyses, but this is most decidedly not true. No one 
would attempt to visualize any connection between the elastic action of the 
structure and the steps performed in solving a group of simultaneous 
‘equations either directly or by successive routine corrections. In decided 
‘contrast, it will be noted that every step in the process of balancing angle 
changes has a physical significance that is easily visualized. 

Professor Maney and Mr. Gray seem to have misunderstood the use 
‘of the word, “plastic.” The writer’s use of the word was consistently that 
denoting “inelastic.” The profession will make no mistake that elasticity 
means straight-line variation of stress with strain whereas plastic or 
inelastic deformation denotes permanent or non-recoverable deformation. 
"Such a fantastic idea as “time yield” or “eontinued flow” in a structural 
steel joint which would practically eliminate end restraint is a proved 
fallacy that formed no part in the choice of the word, “plastic.” This 
fallacy formed the design basis for the steel building frames of two decades 
ago. ; 
- Tn closing this discussion, the writer wishes to express his appreciation 
of the time and effort which the discussers gave to the clarification of the 
subject matter of the paper. This also seems an appropriate time to 
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express the conviction that the expanding group of modern methods of 
analysis based upon successive corrections which emphasize physical action: 
under load will soon complete the displacement of the long entrenched 
classical methods dependent upon the solution of groups of simultaneous; 
equations. 

The following corrections will be made before the paper is printed ini 
Transactions: In the discussion by Mr. Mensch, (March, 1937, Proceedings),) 
for Equation (25b) write: 


: 4 
1+—N 
7 M's 3 : 25b)??' 
a et ee ee op i oe Ad a le ahee to ae ee 
A EK’, 4(1 + No) ( ) 
In the line preceding Equation (80), change “4 (1 +3 Ne) to read: 
(1+ 4 Ne)” 


6c 
padi Ne) ; in Equation (30 for “ 2 + 6N,” write “2 + 2N,;” and,| 
by 4 ne 
3 
on page 583, change Lines 4 to 9, inclusive, to read: 


“From Equation (25b), 


peed iene ED Noe Rivest Se TEL 17 Shor: 


Lhe AN ohh ha eee TE 
3 3 
“From Equation (30), 
Moye <= 20.000 
2+ 2 xX 0.278 


which is a positive contribution to the moment in DF at D, producing there 
a positive moment of 7830 — 4930 = 2900 ft-lb; which must be dis-. 
tributed * * *,” 


= 7 830 ft-lb 
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THE MODERN EXPRESS HIGHWAY 


Discussion 
By Messrs. R. A. MOYER, AND CHARLES M. NOBLE 


R. A. Moyer,” Assoc. M. Am. Soc. C. E. (by letter),“*—Many contro- 
yersial questions are involved in the proposals offered by the author; how- 
ever, the most important question that remains unanswered is that of 
deciding upon the proper speed or speeds for which the highways of the 
future are to be designed and for which existing highways are to be 
‘re-designed and improved. 

The writer discussed this subject at some length in 1936 and 1937,* 
including a recital of the more general aspects of the problems involved. 
Tn analyzing Mr. Noble’s paper, the writer wishes to add further interpre- 
tations of the results of his extensive research on the subject of speed 
versus safety, as it applies more specifically in this case to the problem 
of designing express highways for 100 miles per hr recommended by 
Mr. Noble as a suitable design speed. 

+ There seems to be general agreement among highway engineers to-day 
that many highways in the United States are in immediate need of 
modernization and that the greatest single factor which has heen respon- 
Sible for this situation is speed. Highway engineers are by no means 
in agreement in regard to the methods to be adopted to solve the many 
problems created by wide variations in speed and especially by travel at high 
‘ates of speed. The author leaves the impression that the best solution 
to the speed and highway accident problem lies in the design and construc- 
tion of express highways for speeds of 100 miles per hr. After more 
than five years of intensive study of the many factors related to speed, the 
writer is convinced that safety on highways can not possibly be assured 
s Pinar, 1936, Fe eer etasion ae fede paper Me B0e Ce a irroeeediatn a 
follows: November, 1936, by Messrs. Fred ET Rates Goer aes 


i i i , & Cc. 
, Fairchild, Leslie R. Schuremén, an Wiley; January, 1937, by Messrs. F. L. McRee, 


R . W. Giffin, and T. y ] 
Bh ey Mibley, W Giffin, and Richard 8. Kirby, Harold M, Lewis, George Conrad Diehl, 
and William E. Rudolph; February, 1937. by Messrs. A. C. Dennis, and J. C. Carpenter; 
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by following such a course and that the surest way to increase accidents: 
and fatalities is to encourage high-speed travel by building highways: 
permitting speeds of 100 miles per hr. Not only is travel at such speeds: 
unsafe on the basis of the physical laws which govern motor-vehicle opera- - 
tion and which are inviolate, but the difficulties which confront the: 
driver at such speeds constitute an even greater threat to his safety.. 
Furthermore, the extra costs of providing suitable highways for travel! 
at this speed, and especially the excessively high operating costs, definitely’ 
indicate that such travel is uneconomical and impractical. 

The author may defend his stand on the basis that if the highway’ 
is designed for a speed of 100 miles per hr, it will be safe for speeds: 
less than that. Now, it is the writer’s opinion, that this attitude is con-- 
trary to the first fundamental concept of good design offered by’ 
the author when he states that “it is possible to design a highway so that the: 
motorist is led unconsciously to choose the safe act rather than that; 
which is unsafe,” and he further points out “the desirability of design- - 
ing the highway on the basis of a constant rate of vehicle speed between | 
large terminal points.” With these concepts or principles of design the: 
writer concurs. However, few persons driving cars at 100 miles per hr’ 
on a highway of the type suggested by the author could ever be expected | 
to have the ease of mind or feeling of safeness commonly experienced | 
when driving at the moderate speed of 50 miles per hr on a dual high- : 
way or even on a two-lane highway designed to present-day standards | 
to accommodate such a speed. The tenseness and feeling of unsafeness | 
commonly experienced at speeds greater than 60 or 70 miles per, hr on the | 
best of present-day highways is born out of the knowledge that there is a. 
certain minimum time limit to any driver’s reactions to meet certain. 
emergencies and errors of judgment below which it is impossible to goa. 
In that split second so much can happen over which the driver has no 
control that only by taking the control of the car almost completely out 
of his hands (as has been done in the safest rail operations) can safe 
operation be made possible. Not only is there a fixed limit to reaction 
time but, what is more important, the forces with which the driver has 
to contend at a speed of 100 miles per hr have been increased many times, 
compared to the forces encountered at present-day average speeds of 
40 to 50 miles per hr. The time required to bring the car under control 
has likewise been increased; and the distance traveled during this interval 
extends far beyond the zone of safety within which control of the car 
may reasonably be assumed to be possible. Only a revolutionary change in 
the steering, braking, and driving of cars can correct this situation. Accord- 
ingly, even if the driver were led unconsciously to choose the safe act on a 
highway designed for 100 miles per hr, his chances of following his 
choice when driving at this speed would all too frequently be very small, 
indeed, to prevent the accident. 

A valuable feature of this paper is that it has directed attention to 
the most vital factor in modern highway design—the speed factor—and 
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furthermore, it has stimulated discussions on definite design details which 
e author contends should provide positive safety at a definite speed. 
_ However, to establish the design speed arbitrarily at 100 miles per hr, 
or at the maximum speed at which the cars are now, or may soon be, 
“capable of, is contrary to another basic principle in design mentioned 
vy the author in which he states that to-day emphasis should be based 
on broad highway economics founded on loss of life and property as well 
as on operating costs. 
In the 1936 report of the National Safety Council on “Accident Facts,” 
statistics are given which indicate that the severity of accidents increases 
with an increase in speed. Thus, at speeds of less than 20 miles per hr, 
1 accident out of 61 is fatal; at speeds between 20 and 29 miles per hr, 1 
Beccident out of 42 is fatal; at speeds between 380 and 39 miles per hr, 
4 accident out of 35 is fatal; at speeds between 40 and 49 miles per hr 1 
‘accident out of 25 is fatal; and at speeds greater than 50 miles per 


a 1 accident in 11 is fatal. Statistics of railroad-crossing accidents, 


, nvolving cars and trains, have consistently shown that one accident in two 
or three is fatal. ‘Tremendous forces are involved in accidents involving 
Teh fatality rates. It should be noted that the forces developed at high 
"rates of speed vary as the square of the speed and that the aforementioned. 
"statistics indicate a certain amount of correlation in this respect. 

_ Not only is the severity of accidents increased with an increase in speed, 
but the chances for accidents increase with an increase in speed. This 
“was revealed in 1936 in a report,“ by Charles J. Tilden, M. Am. Soe. C. E., 
in -which the accident records of owners of cars observed traveling at high 
and low speeds were analyzed. It was found that in this instance “the 

high-speed drivers who have accidents have more of them, so that they 
‘account for 45 per cent more accidents than do the low speed drivers.” 

In regard to the economics of express highways, Mr. R. E. Toms 
sumimarized the highway cost phase of it very ably in a paper presented 
‘at the 1937 Annual Meeting of the American Association of State High- 


way Officials.° He stated that, 


«“ % * ® however desirable they [express highways] may be, they are not 
‘possible except on a very limited mileage of our State Highway Systems. 
% * * Assuming that it would be desirable to improve 5 per cent [about 
16000 miles] of the State highway mileage with four or more trafic 
lanes with opposing traffic separated, grades at intersecting highways 
separated, border roads to eliminate unrestricted access from abutting prop- 
‘erty, and sidewalks for pedestrians where needed, the expense involved in 
this undertaking alone would amount to approximately four billion dollars. 
This is just about the amount that has been devoted to highway improve- 
‘ment in this country during the last 20 years through the program of 
Federal aid to the States matched with State funds, _plus the amounts 
cof Federal funds appropriated for emergency construction which did not 
‘require matching by the States. When these figures are considered, 
. 4 “Motor Vehicle Speeds on Connecticut Highways 
tation, Yale Univ., 1936. 

Designed and Constructed Highways”, by 


48 “Highway Safety Exemplified by Properly 
R. BH. Toms, American Highways, January, 1937 


”” pub. by Committee on Transpor- 
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we must admit that in so far as we can visualize the future at this time 
from 95 to 97 per cent of the State highway mileage in this country = 
never progress in improvement beyond a two-lane highway.” 

Although Mr. Tom’s estimate of the cost of constructing express high. 
ways may have been high, since it calls for an average initial cost ofp 
about $250000 per mile, this figure is not unreasonable when stated 
in terms of the cost per vehicle-mile on a highway carrying 4000 or 
more vehicles per day. The annual cost for such a highway, includ 
ing maintenance costs, snow removal, depreciation, interest charges, andi 
charges for policing, would probably be -about $15 000 per mile and, for 
4000 vehicles per day, this would represent a tax cost of about 1 ct per 
vehicle-mile. The present average tax cost for highways in the United 
States, based on the license fee and gas tax, is about 4 ct to 4 ct per 
vehicle-mile. It would be quite possible for the Federal Government to¢ 
undertake such a project and to assume full control of this system of! 
highways. A Federal license would be required to operate on the high-. 
way. Tolls might be collected to finance the cost of construction and: 
operation. The highway would be constructed, maintained, operated, 
and policed by the Federal Government. 

Although the highway cost may not be unreasonably high where the; 
traffic volume is sufficiently great to justify the construction of such a: 
highway, the motor-vehicle operating costs are so much higher at 100! 
miles per hr than at the present-day average speeds of 40 and 50 miles: 
per hr, as to make it very doubtful whether traffic would operate at such’ 
speeds for any considerable distance; and, certainly, it would be absurd’ 
to build highways for such a speed if only a small percentage of the: 
traffic would travel at the designed speed, or if drivers were to operate: 
at such a speed for only a few minutes at a time. Tests conducted by the: 
writer indicate that fuel costs at 70 miles per hr are almost double 
the costs at 40 miles per hr, and at 100 miles per hr there is every indica- 
tion that the costs for the same car are about three times the costs 
at 40 miles per hr. Oil costs seem to follow a similar trend, or if oil 
costs are reduced at the higher speeds, the engine costs are increased, 
due to increased wear on cylinders and pistons. Tire wear follows the 
square law very closely and the tire costs at 100 miles per hr are most 
likely to be about six times as great as at 40 miles per hr. Engine break- 
downs are still very common in the Indianapolis, Ind., races where an 
average speed of slightly more than 100 miles per hr is maintained for 
only 500 miles. One can be quite certain that engine repair costs and 
car maintenance costs would be greater at 100 miles per hr than at 40 
miles per hr. A conservative estimate of the increased operating costs 
for the same car due to speed is that the cost of operating at 70 miles 
per hr is 2 cts per mile more than at 40 miles per hr and at 100 miles per 
hr it may easily be 4 or 5 cts per mile more than at 40 miles per hr. 
Such a cost of high-speed travel can not be disregarded when proposals 
are made for spending billions of dollars to build express highways. It 
would be a sad commentary on engineering judgment to find that after 
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such highways were built, traffic would not be willing to pay the tax to 
“use them—the toll-free State highways with their lower speed limits 
carrying most of the through traffic. 

In his discussion of details of design, the author states that there is 
"great need for research before satisfactory design details can be developed. 
pit has been gratifying to note that this paper has provided the means 
for bringing together many discussions in which considerable experimental 
data and many excellent theoretical analyses of the design problems are 
presented for the first time. Tests conducted by the writer” have pro- 
‘vided much basic information that is needed in the solution of this prob- 
lem. Although present knowledge is far from complete, it is the writer’s 
conviction that the basic facts are now known, and it is not so much addi- 
tional information that is needed as it is the proper use and interpretation 
of the information at hand. 

The most important element in the design of an important highway 
o-day is the speed factor. This is not a matter to be decided upon by an 
individual, from experience based on local conditions, but rather it is 
‘an element of design which should be as rigidly controlled as are the 
weights, lengths, widths, and heights of vehicles. Speed may quite properly 
be thought of as a “fourth dimension” which controls curvature, supereleva- 
tion, road width, and sight distance. In fact, practically every detail of 
design is wholly or in part controlled by the speed factor. For important 
highways, it is desirable, therefore, to standardize or control speed for 
‘the same reason that weights and lengths of vehicles are standardized. 
~The establishment of such a standard is not an easy matter. 

' Tn this discussion, the writer has touched on only a few of the more 
‘important factors which should be considered before speed standards are 
‘decided upon. A complete analysis of the speed problem and of establish- 
jing design speed standards for various classes of highways is not within 
‘the scope of this discussion. 

It is virtually impossible to design highways to permit safe travel 
‘on ice-covered surfaces for the high-speed travel, which the author sug- 
‘gests will be a controlling factor in determining the superelevation on 
‘curves. Tests clearly indicate that there simply is not sufficient friction 
available between rubber tires and ice to make it possible to develop a 
“speed of 100 miles per hr on a level surface, not to mention the difficul- 
ties of steering or of stopping the car at that speed. The writer recom- 
‘mends that superelevation be used on all curves to permit easy steering 
and that the maximum rate of superelevation of 0.1 ft per ft be used 
on the sharpest curves, combined with a maximum value of f equal to 0.1 
‘where this frictional force is necessary to counteract centrifugal force 
not taken care of by the superelevation. The safe speed on ice is almost 
never greater than 30 miles per hr on straightaways where traffie is 
separated and it certainly does not seem possible that curves could be 
speeds with safety on ice by any known device 
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commonly used in highway design to-day. The writer wishes also to state! 
most emphatically that spiral curves are necessary and may very properly | 
be used on all curves. 

In this paper, the author has aroused the imagination of his readers. 
The paper has been timely because this country now appears to be: 
approaching the end of what has been aptly called a “highway construc-- 
tion holiday.” A new era of road building seems to lie immediately; 
ahead. The modern car is so far ahead of the highways on which itt 
must now travel that mere improvising will not suffice. A new concep-- 
tion of a modern highway is needed. Men of vision and of wisdom are: 
needed, who can weigh all the variables involved, who can foresee the: 
direction in which true progress lies, and who can formulate the broad! 
plans upon which the highway systems of the future are to be built, 
The magnitude of the improvements under consideration are worthy of the: 
most thorough and painstaking analysis and it is for this reason that 
this paper should prove to be a really worthwhile contribution to the: 
literature on the subject and a benefit to all the people in this country; 
who, in the last analysis, will profit most by such studies. 


Cuartes M. Noste,*® Assoc. M. Am. Soc. C. E. (by letter).“*—The: 
response to the paper, and the frank expression of opinion, is gratifying.’ 
The discussion has been directed as much along sociological, psychological, . 
and philosophical lines as along a train of thought devoted to technical’ 
design. Of the three elements which constitute the broad background of! 
highway safety (namely, the operator and his control, the vehicle, and: 
the highway) the paper treated only the latter, on the theory that the; 
other two were, in a technical sense, out of the province of the designing: 
engineer; but, since the discussion has broken free of the original limits,, 
it may be in order to continue in the spirit of the discussion and begin: 
at once with the non-technical phases before turning to the more technical 
features. 

The writer wishes at once to concur with all that has been said respect-: 
ing the desirability and advantage to be gained from a rigid restriction of! 
the privilege of driving a motor car on the public streets and highways,, 
as well as the adequate testing and training of the operator. There is no. 
doubt that a very large percentage of accidents can be prevented in this: 
manner. 

The deprivation of one’s license to drive, from the reckless and unfit,. 
would relieve the highway at once of one of the gravest hazards, while: 
at the same time it would have a sobering effect on the remaining drivers. 
Nothing in the paper could be construed as advocating looseness or laxness| 
in this direction and, for some years, the writer has been keenly aware 
of the advisability of rigid control and policing. However, such control is: 
more in the province of the administrator, the police official, the politician,. 


48 Asst. Engr., Port of New York Authority, New York, N. Y. 
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& the engineer, acting in the broad capacity of his profession. Essentially 
-° problem of the designing engineer is to design to comply with condi- 
“tions as he finds them, or as he can reasonably predict they will be in the 
future. Perhaps a short review of elementary basic engineering design 
principles may not be out of order, as there appears to be a tendency to 
overlook some of the fundamentals which general engineering practice has 
volved. - 
; In designing a bridge, for example, the first task of the designer is to 
‘discover the magnitude of the loads which the bridge may be required 
to support, the physical properties of the materials of construction, the 
proper factor of safety to apply to the materials, the determination of 
“the stresses of all kinds which will occur in all parts of the structure, and, 
finally, the proper proportioning of each member, based on the trans- 
“mission of stresses to it. The completed design represents a logical and 
“consistent process of thought, which combines a close attention to detail 
with a clear picture of the functioning of the structure as a whole. It is 
“axiomatic that success in engineering design is dependent on the correct 
"assumption of the loads to be carried, the proper selection of the materials 
of construction, and the correct stress to apply to these materials. 
a Suppose bridge engineers designed structures, using loads less than | 
“the actual known loads, because they felt the actual loads were unreason- 
ably high, that loads of such magnitude should be prohibited, and because 
‘they hoped legislation might be passed some time in the future to curtail 
the loading! This seems to be somewhat the attitude of a number of 
ighway designers. There appears to be a reluctance to acknowledge the 
oads which the highway is called upon to support. 
_ Traffic density and speed are the loads. Alignment, grades, super- 
slevation, sight distance, shoulders, signs, lighting, and a multitude of 
letails which add to vehicle safety, are the materials. Loads have been 
‘assumed that were too small, and the materials have been stressed up to 
‘and beyond the ultimate strength. This is not in accordance with 
‘established engineering practice. 
¥ _A brief review of recent highway engineering history may be of assist- 
‘ance in clarifying past design measures and in illustrating that design 
practice is, at present, pausing at the ecross-roads, while consideration is 
being given to the direction it shall pursue. The twenty years since about 
1917 represent the pioneering period in highway design as related to the 
“motor car. At the beginning of the period no road system, as at present 
defined, was in existence, and the motor industry was still in its infancy. 
‘The pressing need was to bring into existence, from a standing start, a 
‘connected road system embracing the entire United States. The task was 
colossal. Cheapness of original cost and speed in location and construe- 
tion were the goal. 

At that-time, the property owner contributed the bulk of the road 
money, and he expected a road dollar to go a long way, geographically. 
The resulis may be compared in a rough sense with the earlier development 
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of the railways, which, although not of a thoroughly permanent nature, 
were, nevertheless of vast benefit to the nation. America was “pulled out! 
of the mud” in the incredibly short time of twenty years, thus making: 
possible the almost magical development of the motor car and, even if the) 
exigencies of the period had permitted of more leisurely and permanent| 
construction, engineers had nothing on which to base a forecast of future 
requirements, for no one really dreamed of a stock car of moderate prire’ 
which could travel with ease hour after hour at 70 or 80 miles per hr.. 
Engineers were literally pioneering in a new form of transportation, and, , 
consequently, one must not be too critical of their performance. 

To-day, the situation is quite different. The pioneering period has: 

definitely closed, and the highway and motor industries are entering upon) 
an era of early maturity. The motor car owner is contributing the major; 
portion of the monies for highway improvement, and consequently his: 
safety is entitled to careful consideration; in addition, there is: 
ample “case history” from which to make an intelligent forecast of future : 
needs. From now on the engineer must produce a finished and polished | 
product, perfected as to detail and equipment, and, in addition to expe-- 
ditious trayel service, an adequate margin of operating safety must be: 
provided. 
* There has been a misconception on the part of many readers. It has: 
been assumed that the writer is a proponent of speed, and that he advocates ; 
an improvement in design for the purpose of providing speedways to) 
encourage the motorist to drive at high speeds. Nothing could have been: 
further from the writer’s mind. He does feel, however, that a great num-- 
ber of motorists always have driven at a higher rate of speed than road | 
conditions warranted, and that they will continue to do so _ until! 
road conditions are improved to a state more in accordance with the speed | 
habits of the nation. As far as the writer personally, is concerned, he ° 
would be content never to exceed 50 miles per hr, but the problem the» 
engineer is facing cannot be solved by injecting personal opinion into) 
design practice. Engineers are designing an engineering structure, and | 
engineering principles and methods must be applied—principles and | 
methods which have evolved from the design of other engineering struc: - 
tures. 

There has been considerable discussion and adverse criticism by many ’ 
commentators respecting the writer’s suggestion that design be based on \ 
a speed of 100 miles per hr. It must be recognized at once, however, that a | 
design for express routes, based on this speed, is a very effective method | 
of assuring a proper factor of operating safety for more moderate speeds, , 
while at the same time providing a reasonably sure form of insurance. 
against obsolescence. As subsequently demontrated the adoption of | 
such a design speed does not involve as much difference in actual design | 
standards as might be supposed in comparison with a design based on a‘ 
sustained speed of 60 miles per hr. Be this as it may, the embarrassing | 
question may quite reasonably be asked: Is there anything in the past : 
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istory of the development of the motor car which justifies a confidence 
that top driving speeds have been reached? It should be remembered that 
the motor industry is highly competitive and therefore, will continue, in 
all probability, to strive to give the public the kind of vehicle which it 


“eoncerned; or, if the road was designed uniformly for a speed greater than 
“any one cared to drive, then it would be safe from a physical standpoint 
at all the operating speeds to which it might be subjected. Present 
‘design, however, is neither the one nor the other. It is open enough to 
“encourage speeding, but not open enough to justify such speeding, and 
thus highway designers are guilty of encouraging the motorist to operate 
‘at speeds not justified by the actual design. It should be emphasized that 
safe design consists not only of good alignment, super-elevation, and 
, but upon a skillful combination of all the components outlined 
n the paper, so that a consistent and ordered whole is produced. The 
writer earnestly feels that engineers should face the facts squarely, should 
make an intelligent effort to forecast the future, and should then proceed ° 
in an ordered and logical manner to design along engineering principles, 
adopting a proper factor of safety. 

The key to the widespread advance in sustained road speeds appears 
“to be related more to the general improvement of the vehicle rather than 
specifically to increase. horse-power in the motor. As long ago as 1920 
‘there were a number of makes of American stock cars which were capable 
of speeds of 75 and 80 miles per hr; but, except for the most reckless 
and adventurous, there were few that even approached these speeds, 
because driving one of those cars at such high speeds was distinctly a 
nerve-wracking experience which only a thrill seeker would endure. The 
human nervous system could not stand continuous high-speed operation in 
uch ears, and, consequently, continuous operation seldom exceeded 40 
miles per hr. Thus, highway engineers had no experience or any other 
basis for predicting a rapid advance in road speeds. Along in the middle 
1920’s, when the manufacturers had mastered the production of a fully 
dependable motor, they turned their attention to other features of the 
yehicle. Improvements in the body, steering, tires, brakes, reduction in 
vibration, redistribution of weight, shock absorbers, rubber mountings, 
e ¢., pyramided in rapid succession, until to-day the car glides over 
the highway with swiftness and ease, eradicating all sense of speed values, 
ith complete lack of nerve tension and fatigue for the operator. 

: In a word, all sense of speed has been destroyed. This, then, is the 
major cause of the general increase in sustained road speeds, and coupled 
vith greater power plant in the medium priced and cheapest vehicles, it 


spreads the power of high speed among the great mass, and among all 
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classes of people. The destruction of the sense of speed is the primary 
reason why many conservative motorists operate at higher speeds than 
conditions warrant. This is particularly true where conditions require: 
speeds in the lower brackets. 

A recent advertisement of a car “priced just above the lowest” listed, 
among others, the following: “No vibration or road rumble; new ease: 
of steering; no ‘wind wander’ evén in a gale; no ‘edging off? in ruts: 
or gravel; new sound-proofing; so silent inside you talk in a whisper; 
‘city ride’ on any kind of road; * * *” Incidentally, this car is equipped! 
with 93 hp. There can be little doubt that manufacturers will soon: 
reduce the cost of high speed: In view of the highly competitive nature: 
of the industry, do highway engineers really believe advancement in: 
automotive design will cease abruptly? :; 

Mr. Purcell gives the results of observations in California showing: 
that 94% of all cars traveled at or less than 55 miles per hr. Assuming: 
the observations were taken in 1936, it should be remembered that more: 
than 60% of these cars were three years old, or older. In other words,| 
60% were not newer than the 1938 model, and many of the most effec-- 
tive improvements in vehicle design which particularly deaden the sense: 
of speed, have occurred since that year. 

Since comparisons are inevitable, suppose for a moment, the essential! 
difference between improvement in railway line and improvement in: 
motor ways is examined. The improvement in track is entirely economice,; 
using the definition in the conventional sense. Such improvement is: 
actuated by a desire to lower the cost of hauling freight or to shorten: 
passenger-train time. Safety is not an issue, because enginemen are given: 
a definite speed order to apply to each section of track, and they are per-- 
fectly familiar with their runs. Because these operators are employees: 
who may be disciplined for infraction of orders, obedience is quite general... 
Thus, from a safety standpoint, bad track conditions can be overcome. 

The highway situation is quite different. The motorist, by and] 
large, is not an employee, and he purchases a vehicle from an industry; 
which is not responsible for the design, construction, or maintenance of: 
the track upon which it operates. As long as he can escape the vigilance: 
of law enforcement officers he can do, and does, about as he pleases. He: 
usually feels he is clever if he continues to “get away” with breaking: 
the motor laws. Often he is unfamiliar with road conditions, and more: 
often is operating at a greater speed than conditions require. He has no: 
“slow orders,” and, therefore, any sudden change in. road conditions: 
which requires a slow speed introduces a hazard which, sooner or later,’ 
results in an accident. Moreover, the average motorist does not have the: 
skill and judgment which an engineman possesses. Thus, an improvement! 
in highway standards is a step forward in safety, and consistency in: 
design is the very essence of safe design. 

What, then, is there in this situation to assure the highway designer: 
that he will ever catch up with automotive design; that obsolescence will’ 
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ent continue its costly toll? As far as the vehicle is concerned, there 
_ appears to be no immediate limit; possibly fantastic speeds may be pos- 
. sible, but a limit there must be, and that limit is more likely to be 
Beeman flesh than steel and rubber. The human nervous system has a 
limit, and it has been stated that this limit is possibly 100 miles per hr. 
_ This, then, is the basis for the suggestion in the paper that 100 miles 
per hr may not be an unreasonable maximum design speed. 

& The purpose of the paper was to show that the present standard of first- 
~ class road design is inadequate for high speeds. The destructive forces 
at high speed are so terrific that an entirely new conception of trunk 
highways will be necessary to cope with the situation. This thought is 
expressed very aptly by Professor Moyer. The writer is not sure, 
“given unlimited resources and money, whether engineers could pro- 
_ duce, to-day, an inherently safe design. They may not know enough 


at this moment about safe design. Nevertheless, a sincere and intelli- 
gent effort must be made to provide the motorist with as much protection 


eR 


as knowledge and skill will permit, at the same time continuing an 
intensive attack on the problem in order that the profession may the 
J “more surely advance its knowledge and technique. 

In general, the discussion by the commentators may be classified 
into two more or less distinct groups: (1) That the present standards 
of design are properly and efficiently performing their functions, and 
“that the highway system, as at present constituted, is as perfect as the 
“motorist may reasonably expect; and (2) that further advancement in 
the art of highway engineering, particularly as related to safety of operation, 
is distinctly indicated if the motorist is to be provided with the type 
of service he should reasonably expect. 

It may be well to express to proponents in the first group that no 
engineering art should remain stationary—that none of the various 
ranches of engineering is remaining stationary When an art remains 
‘stationary it becomes mere dogma. The writer feels sure no one really 
wishes to suggest such a fate for highway engineering. Indeed, it is 
‘clear that this branch of engineering has just emerged from the pioneering 
“period and there is a vista ahead of mature but vigorous growth and 
development. 

Specifically, the following suggestions have been offered in lieu of 
‘improved design standards, or as reasons against raising such standards: 
(1) That vigorous control of the driver should be maintained and 
the unfit and the accident repeater be ruthlessly ruled off the road; 
(2) That vehicle speed be arbitrarily controlled by a mechanical 


a 


device; 
(3) That a large class should not be taxed to provide speedways for 


' (4) That the cost of adequate highways is too large and is not 
‘economically justified, and that the percentage of accidents caused by 
faulty highways is not great enough to justify an improvement in present 


tandards; and, 


948 NOBLE ON THE MODERN EXPRESS HIGHWAY Discussions | 


(5) That it is questionable whether it is the duty of the State to pro-. 
vide expeditious service. 


It may “clear the air’ somewhat if Suggestions (1) and (5) are dis-- 
cussed in somewhat greater detail. 

Control of Driver—For twenty years the problem of control (Item (1))) 
has been discussed but very little has been accomplished. A few years: 
ago it was thought that a system of licensing drivers would be a remedy, , 
but such action has been found to be only mildly palliative. The diffi-- 
culty is that the great mass of public opinion is opposed to rigid control! 
measures; politicians will not pass statutes, nor will officials ruthlessly; 
enforce legislation, which they know is not solidly supported by the mass: 
of the people. The Eighteenth Amendment is an example. 

As a group, highway engineers would welcome the elimination of all 
unfit and dangerous drivers, particularly those who prove to be accidentt 
repeaters. Granted such a procedure is most desirable and that it would! 
be helpful, it would by no means solve the problem under discussion. | 
It would not materially reduce those accidents caused by imperfections: 
in the highway itself. Many careful and competent drivers have serious: 
accidents. Should sober and substantial citizens be required to risk .theirt 
lives day by day when it is possible to remove many of the hazards: 
connected with motoring by designing safety into the highway? 

Unfortunately, a continued discussion on the subject of control is almost}! 
academic. Does any one really believe that rigid and drastic laws will! 
be passed and enforced in the near future? Without wishing to appear! 
cynical, the writer believes the answer is definitely, “No!” Only by; 
the slow process of education can real progress be made, and for this: 
reason it is doubtful whether the goal can be reached within the next! 
twenty years. By that time nearly 800000 human beings will have paid! 
with their lives, if the present death rate continues, and 25000000 will’ 
have been injured. 

Mechanical Control Devices—During the past twenty years mechanical | 
speed governors (Item (2)) have been seriously proposed several times; 
but the public would have none of it. It is one thing for a private com-: 
pany operating a number of motor vehicles to apply governors to their 
cars but quite another to get a law on the statute books requiring all 
citizens to apply governors. An employee of a company is quite help-. 
less to prevent the use of such a device, but the electorate have a way 
of showing their disapproval. In addition, there are practical difficulties. 

Would such a law be a Federal statute, or would each of the forty-eight 
States have to pass legislation specifying an identical speed limit? Would 
motorists from other States be compelled to stop at State lines and pur- 
chase a governor in order to pass through States having such laws? The 
injection of these conditions into the motor problem would undoubtedly 
disrupt motor transportation. Finally, is there any one who ean point to 
a strong, unified movement among the great mass of citizens for an 
enactment of mechanical speed legislation ? ~ 
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Taxation.—The writer can recall hearing, twenty years ago, the same 
complaint from owners of horses and buggies to the effect that the tax- 
payers were having to spend good money to create speedways for the 
5 otorists (see Item (3)), but does not recall hearing any motorists in 
‘recent years complaining about roads being constructed too well. Twenty 
years ago most of the road funds were being contributed by the property 
‘owner. To-day, most of the road money is being contributed by. the 
highway user. As Mr. Dennis states, the American highway is, in effect, 
a toll road, the user paying a sales tax. For instance, in 1935, the State 
-and Federal oil and. gas taxes and license fees amounted to $958 753 000, 
the manufacturers’ and personal property tax to $350000000, making a 
total of $1308 753000. If the motorist, who pays the bills, does not 
object to the expenditure of sufficient money to modernize the highways, 
there is no valid reason why the engineer should urge him to accept an 
article which does not provide him with reasonable safety facilities. To 
the writer’s knowledge, there is no unified and concerted movement 
among the various associations of motorists for the curtailment of high- 
“way construction. 
- Economical Considerations—It is often argued (see Item (4)) that 
_ it costs too much money to do a first-class job in constructing highways. 
That may have been true during the pioneering period when the vital 
need was to create a road system; but now that that era of stop-gap con- 
~ struction is past, engineers can proceed to replace their “log cabins” with 
brick and stone. It must be realized that adequate highways will cost 
a deal of money, and it would seem the better policy to design and con- 
struct these highways with the thought of their being permanent, rather 
‘than to have to repeat the performance twenty years hence, thus wasting 
the sums now being spent. A cheap article is not always a bargain. 
Tt is somewhat inexplicable that engineers should take the stand 
that adequate highways should not be designed and vonstructed because 
of the large cost involved, when it is remembered that considerable sums 
are diverted annually from motor vehicle funds to other than highway 
“uses. A more commendable effort would appear to be to educate the 
_ public to the fact that the need of highway expenditure is not over, but 
in reality only begun, and that the highway industry needs every dollar 
eollected from the motorist to remove hazards from the present highway 
system and to construct new highways in accordance with advanced 
technique, to the end that the public will receive more expeditious road 
service, will derive more pleasure from motoring, and will not be sub- 
jected to as many chances of being killed or injured. Thus, the engineer 
“would be performing a notable public service, at the same time assur- 
‘ing himself, and his fellow engineers, of a continued opportunity to 
make use of his technical talents. 
It is further contended that the percentage of accidents caused by 
faulty highway design is not sufficient to justify the expense of sate design. 
“This is quite a cold-blooded argument when the terrific mental and physical 
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suffering occasioned by traffic accidents is remembered. To make matters: 
worse, the argument may not be altogether true. As stated in the paper, , 
accidents occasion an economic loss from a purely financial point of! 
view. The writer is not aware of any accurate appraisal of this loss.. 
The Travelers Insurance Company, of Hartford, Conn., estimates that} 
it amounts to from $2000000000 to $2500000000 each year. W. V.. 
Buck, M. Am. Soc. ©. E., states that statistics indicate that 30% of! 
all accidents may be traced to some fault in road location and design. . 
If these figures and assumptions are correct, then faulty highway design | 
is costing the American public from $600000000 to $750000000 each 
year; and to these figures must be added the economic loss due to obsolescence. . 
It is evident that more study is necessary in order that more nearly’ 
accurate figures of the economic loss due to accidents may be made available. . 

In this connection it may be pertinent to mention railway-highway ' 
grade-crossing elimination. cording to Table 1, only 0.6% of all acci-- 
dents were due to this cause. If the economic loss from this type of ' 
accident is assumed to be at the same rate as for all accidents, then,, 
assuming the foregoing estimate, the annual economic loss due to railway ° 
grade crossings only amounts to from $12000000 to $15000000 for the: 
entire United States. Yet, as Mr. Ripley states, New York State recently ' 
voted $300000000 for grade-crossing elimination, and there is a strong: 
movement all over the country for rapid elimination of all railway grade: 
crossings. 

Studied from a cold-blooded standpoint, this work has no economic | 
justification; but is there any considerable body of engineers who condemn . 
grade-crossing elimination? If engineers are willing to support such. 
work, why are they not willing to support the elimination of other road 
hazards? Mainly, it is because of the subtlety of the problem. The actual 
causes of other types of accidents are not as evident even to engineers. 

The public is supporting grade-crossing elimination heavily because 
it can readily visualize a railway crossing as a hazard. If the publie 
really understood the mortality due to other highway hazards, they would 
without doubt approve the expenditure of the necessary funds to pro- 
vide for their systematic elimination. More people are killed in motor 
accidents in the United States in one month than have perished in all 
the floods in the entire country during the past ten years. Therefore, it 
would appear wise for engineers to advise the public of the relation between 
highway design and the accident rate, rather than to remain indifferent 
until stung into action by public censure. 

Responsibility—Mr. Lavis questions whether it is the duty of the 
State to provide the motorist with expeditious road service (see Item (5)).. 
This is a pertinent question and deserves careful consideration. As prac- 
ticed in the United States, the State has, in general, assumed as a duty 
any function for which there is a persistent and widespread demand among 
the electorate. It may be assumed, therefore, that if the public demands 
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es expeditious service, the State will accept the responsibility within the 
limits of available highway revenues. The continued reconstruction of 
= outmoded highways is an expression of an acceptance of that duty. Fre- 
~ quently, the relief from congestion in urban areas constitutes a provision 
“g ‘of expeditious service, and highway engineers are in a position to know 
cS to what lengths the State is willing to go to provide such service. 
, From the foregoing discussion, it is rather evident that designers are 
_ facing (and probably will continue to face for some time) operating -con- 
34 ditions over which they have little control. Thus, an open mind, continued 
"e thought, compilation and analysis of data, and continued technical prog- 
~ ress, based on well-founded principles, is clearly indicated in order that 
' that happy combination of safe design and over-all economy may be 
achieved. 
. Rights of Way—Of all the features under discussion, the alignment 
and width of the right of way is by far the most pressing and important, 
not only from a financial point of view, but also because of its vital 
- influence on vehicle safety. The ability of the average citizen to look 
2 into and prepare for the future is generally conceded to be rather poor. 
4 “His thoughts are chiefly concerned with the present, and usually he is 
z not prepared to make any sacrifices or provide monies to care for the 
iS future unless he can be shown conclusively the benefits that will accrue. 
The dissemination of this gospel and education is in the province of the 
engineer, for he is generally thought to have the ability to look into 
the future, to forecast the coming needs, and to evaluate, properly, the 
extent to which the present generation should prepare for the problems of 
Z the next. The water supply, flood control, electrical, and sewerage engineer 
has demonstrated his proficiency in this field, and has educated the public 
.:: respect his judgment. The right-of-way situation presents an oppor- 
tunity to the highway engineer for public service. 
‘Messrs. Lavis and Crosby have indicated the desirability of initially 
4 acquiring ample rights of way with proper alignment. The importance 
of the subject justifies an expansion of the discussion in order to focus 
attention sharply upon this vital question. 
The right of way is the only element of the highway that is permanent. 
This axiom was current when the writer entered the highway field in 
1914, yet it was heeded to so small an extent that to-day the inadequacy 
of rights of way, which is the most difficult and expensive error to correct, 
is acute in many States. Road improvement brought an increase in 
land values and physical improvement adjacent to, the right of way which 
has made widening and straightening prohibitive in many cases. The 
critical street situation in cities is a manifestation of the ultimate results 
of inadequate width. As stated previously, lack of vision during the 
_ pioneering stage in securing adequate rights of way should not be criti- 
cized without a realization of the problems of the time. To-day, the situa- 
tion is very different. 
Because of its very nature, the trunk highway, will be located to as 
large an extent as practicable upon new rights of way as far removed 
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from developed areas as possible, and, in general, it will be purchased bi 
the acre rather than by the square foot. Therefore, its cost will be les 
at the time of original improvement than at any period in the future 
It can be purchased on the basis of the owner retaining (with restrictions) 
the mineral, timber, and cultivation rights of the unused part, thu 
reserving to him a large portion of the material benefits for many years 
while, at the same time, he would be relieved of paying taxes on suck: 
lands. This procedure will reduce the cost of acquisition, and, at thi 
same time, lessen the opposition of the public and the land owner. 

In the discussion by the commentators, frequent mention has _ beer 
made of the excessive cost of wide rights of way. The cost of anything 
is relative. Bearing in mind that the life of such land is relativel; 
infinite, the yearly cost is consequently very small; but, for fiscal reasons 
it may be advisable to liquidate it within a period of 50 yr, or possibl’ 
100 yr. In Europe, there are rights of way in use to-day which have existec 
for more than 2000 yr. The right of way is the very foundation of thé 
pyramid of stage construction. 

The initial construction (located off center), may cost less than thr 
land, and in undeveloped regions its standards may be quite low (except fo: 
the alignment which is determined by the right of way), until traffic justi! 
fies further improvement, but the ultimate construction may cost $200 000 
per mile. (In the East, highways have already been constructed through 
open, easy country which cost $600000 per mile, exclusive of land.) Ii 
the right of way proves inadequate, the previous heavy investment in 
physical construction may be rendered impotent because when a _ high’ 
way is relocated to a new right of way, all improvements in the form o- 
grading, sub-drainage, stabilization of sub-grade and slopes, drainage: 
bridges, and landscaping are lost. It is a type of financial failure. T 
the right of way is of proper alignment and of sufficient width, eael 
step in advancing the standards will make full use of all previous effor! 
and expenditure, thus conserving the people’s investment and producing: 
step by step, a more perfect and up-to-date element of transportation. — 

It is difficult for those who reside in rural or undeveloped regions tc 
visualize the throttling effect of growing population and development upor 
inadequate rights of way. Many troubles to-day are caused by the failure 
of previous generations to realize the possibilities of the future. It was 
difficult for them to visualize the effects of growth. Many wholly unde- 
veloped regions through which right of way may be purchased at chear 
prices, may suffer 100 yr from now if a niggardly right-of-way policy is 
pursued to-day. ; 

An element of cost not sufliciently stressed is the adverse effect upon, 
and economic’ loss sustained by, farmers and property owners each time 
a highway is relocated. Many farms and parcels of property have been 
cut up into unusable or uneconomic pieces. Areas containing abandoned 
pavements usually are not reclaimed and put back into any form of 
production, and an abandoned right of way seldom finds its way i 
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at ermanent right of way, of adequate width, would solve the‘ difficulty 
and tend to stabilize land values, particularly. when the freeway principle is 


7 The present period appears most opportune to advance the cause of 
wide rights of way, in view of the continued statements from high goy- 
_ ernmental sources relative to retiring large tracts of land on the theory 
that more land is in use than is economically justified, and highway 
engineers should be quick to seize the opportunity of informing the public 
‘of the lasting benefits which will accrue to the nation from an enlightened 
t ight-of-way policy. 
- Olassification.—Mr. Diehl brings up the very pertinent question of high- 
way classification. The subject is not only important but pressing. The 
“road must not only be classified according to present and future traffic 
trends, but it is quite as vital for it to be classified on the basis of safe 
“operating speed. Fortunately, the groundwork” on which to base a classi- 
fication is being laid by forty States in co-operation with the U. S. Bureau 
‘of Public Roads. Whether full and proper use will be made of these 
“transport surveys depends on the initiative and unselfish public spirit of 
‘officials and engineers. For the first time, it will be possible to make a 
teal and searching analysis of the social and economic structure of the 
highway system as a whole. ; 
National Highways—Without doubt, when the local and regional 
analysis is completed, thinking will be directed toward the possibility 
‘of a national system of highways, designed, constructed and maintained 
‘by the Federal Government. This is indicated by Mr. Dennis, and such a 
system may not be as fantastic as would appear at first thought. Undoubt- 
edly, it would prove a real national asset not only for the every-day needs 
‘of the nation, but also as a vital unit in the national defense system. 
“As Mr. Dennis intimates, a national system may be likened to the trunk 
‘lines of the railways, with the present system acting as the branch or 
feeder lines. 
" Tf it is assumed that 10000 miles would constitute a reasonably com- 
plete system, it could be constructed for approximately $3 000000 000, and 
if, as Mr Diehl suggests, it is developed within a period of 30 yr, the 
‘nnual appropriation required ($100000000), is only a moderate portion 
of the taxes which the Federal Government at present imposes on motor- 
car owners and the motor industry. In view of the $15 000000000 quoted 
by Colonel Crosby” as having been spent on the existing highway system 
in the United States during the past 36 yr, $3 000 000 000 does not appear 
out of proportion. 
In connection with the more technical features of the paper, the 
writer wishes to express his appreciation to those who brought the latest 
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results of research and thinking before the members of the Society. At 
the time of the preparation of the paper (spring of 1935), the results 
of certain very illuminating and clarifying tests," by R. A. Moyer, Assoc 
M. Am. Soc. G. E., which have since been widely disseminated, had no: 
come to the writer’s attention, and he is grateful indeed for the additior 
of the material. 

To simplify matters, and for convenience, it may prove desirable ir 
covering the discussion, to follow the same order as used in the paper. 

Dual Highway—There is further opportunity for service in establishing 
design standards of the dual highway, because development has reached tha 
interesting stage in which several variations of type are being con 
structed and subjected to the actual test of traffic. Further analysis 
of the various classes of accidents occurring on each type, and a thorough: 
going scrutiny of the comparative accident data, may clarify the situation 
and indicate the proper design to be used for certain particular condi: 
tions. Since the discussion did not record current design variations, o» 
any analysis of the philosophy behind the use of particular designs, tha 
writer takes the liberty of attempting to analyze the situation in order 
to define the issue more clearly in the hope that further thinking will be 
stimulated. The subject is so new, and there is so little supporting data: 
that the remarks should be considered only as a personal expression of opinion: 
and, therefore, fallible. 

It is granted that a space separating opposing traffic is essential fon 
trunk-line highways carrying any appreciable volume of traffic; but the 
width and treatment of this space is a very unsettled matter. There are 
cases when it is physically and financially limited to a width of a few 
feet, and other cases where it may easily be 150 ft or more. It is obvious 
that as the width increases, the chances of opposing accidents diminish! 
For the narrower widths it is clearly necessary to use some kind of curt 
to prevent impatient drivers from using the space for passing in case of 
traffic congestion. The treatment in use varies from straight-sided curbs: 
6 to 11 in. high, to numerous types of sloping curbs. 

When the width is only 3 or 4 ft, the vertical (batter of 6 on 1) curk 
may be the lesser evil, but it must be recognized that certain “elbow 
room” has been forfeited. The operator no longer has the chance tc 
dodge sidewise the few feet necessary to avoid a side-swipe accident wher 
he has been crowded or “pinched” by other vehicles. For widths of from 
7 to 20 ft, some kind of sloping curb is indicated, the design to be suck 
that it can be mounted at high speed without danger of loss of control. 
Considerable experimentation is being practiced in New Jersey in an 
effort to find a solution for this problem, and it is hoped that tests will be 
made, using different makes of cars operated at various speeds, in order 
to establish a design which will permit mounting without throwing the 
car out of control. A curb of improper design may cause a more serious 
type of accident than one produced by a side-swipe. 
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Particular attention must be paid to the material between curbs. 
In wet weather, and during the spring break-up, unstabilized grass plots 
“are very dangerous, the ground being so soft that vehicles are thrown 
out of control, if by any chance they are’ forced into the space while 
_ traveling at even moderate speeds. 

ir For widths from 20 to 30 ft, a narrow mall or island may be placed 
in the middle, using smooth stabilized shoulders adjacent to and level 
with the pavement; and for widths greater than 30 ft, level shoulders with 
grass and landscaping between is indicated. 

7 It is axiomatic that no form of fixed obstruction, such as poles, light 
_ standards, trees, etc., be placed in the dividing safety space. Headlight 
glare can be eliminated by planting a type of evergreen, the trunk of which 
_ will not exceed 2 or 3 in., and such a screen will also tend to act as a 
cushion for cars out of control. 

_ As a motorist, the writer cannot but be tremendously impressed with 
the general design developed in Delaware; the operator has a feeling of 
_ tranquillity and utter safety not experienced in any of the narrow center- 
width and curbed designs. Passing is no problem because the motorist 
keeps to the right without supervision, and the wide, smooth shoulders pro- 
_ vide a factor of safety as well as a space for parked vehicles. 

' It is the writer’s belief that the width separating opposing traffic 
is a function of safe allowable speed. As the width decreases, the speed 
“should decrease. Where it is necessary to reduce the width for financial 
reasons, the additional cost to the State of policing to insure reduced 
_ speed, as well as an appraisal of time losses, should be added to the finan- 
cial analysis. (It should be remembered that the predominating reason 
for the safety record in the Holland Tunnel is the presence of police 
‘officers stationed at frequent intervals to enforce the regulations and 
‘prevent motorists from crossing from one lane to the other.) Where 
‘restricted widths are required, it may be necessary for the designing engi- 
“neer to arrange with the State Police to provide sufficient officers to 
“enforce compliance, rigidly, at all hours, with the safe speed established 
‘by the engineer. The public will not reduce speed unless an adequate 
“number of officers are present to compel obedience. 

Thus far there are no available data to support the idea that safe 
speed is a function of the safety island width or from which to deduce 
recommendation of the safe speed for particular widths and it is 
‘hoped that research will be instituted in order to establish basic principles. 
4 Mr. Carpenter states that adoption of the dual type will not prevent 
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overtaking accidents. That may be true, but it will greatly reduce them. 
On the ordinary two-way highway the presence of an oncoming car 
causes many such accidents, because the passing car is often forced to 
“crowd” the car being passed in an effort to avoid a head-on collision. 
This condition is entirely absent on a properly designed dual highway, and 
thus passing accidents should be reduced to a very small percentage. 
Mr. Lewis is to be congratulated on his able presentation of the sub- 
ject as related to urban regions. The discussion of the freeway is most 
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opportune, and highway engineers should read and digest all he has: 
written with great care. The mention of the throttling effect of com-. 
mercial development on the transportation efficiency of U. 8. Route 11 
in New Jersey is pertinent, and particular attention is directed to his: 
statement respecting the reasonableness of barring access from property} 
not directly assessed for the cost of highway improvements. The restric-: 
tion of access should be no more serious than conditions imposed by thet 
private railway lines traversing the United States. 

In connection with Fig. 8, the writer. wishes to inject a word of cau-. 
tion respecting the planting of trees adjacent to motor ways carrying: 
high-speed traffic. He feels that no trees, other than small (2 in. to 3 im 
in diameter) ornamental trees, should be planted within a line 50 ft from: 
the shoulder of the highway. The ear is not forcibly confined to a track,: 
and often gets out of control. Many lives have been sacrificed on trees, and,| 
therefore, these hazards should not be planted within range of the destruc-: 
tive effects of a motor car. 

Colonel Crosby raises the interesting question as to the effect of thes 
“blind spot” in rear vision on safely entering the main highway from: 
the acceleration lane. There is no reason why manufacturers cannot solve the; 
“blind spot” problem by the proper use of rear vision mirrors or periscopes,} 
but since they have not, design practice must admit this flaw. The matter) 
at once resolves itself into a choice between two evils. 

The right-angle intersection is dangerous because vehicles wishing to: 
turn usually approach at a higher rate of speed than practicable for: 
the turn, thus causing the vehicle to “swing wide,” usually across the first’ 
lane into the second. The entering car usually appears without warn-: 
ing, swings into the main road, effectively blocking both lanes, and, not: 
having any great velocity in the direction of the main-road trafic, speed 
differentials are great. The only recourse of the motorist on the main road’ 
is to swing out on to the shoulder, but often the condition occurs s0: 
quickly that he has crashed into the entering car before he realizes the’ 
situation. 

In contrast, the acceleration lane places the entering car in full view of 
the motorist on the main road for a period of several seconds, thus giv- 
ing him sufficient time to move over into the left-hand lane. There is 
no temptation for the entering car to crowd over into the left-hand lane, 
and the speed differential of the two cars will not be great. The angle 
of approach is shown so small in Fig. 2 that cars on the main road will 
begin to appear in present-design rear-view mirrors before the entering car 
actually begins to encroach in the right-hand lane. Access lanes coming 
in at more of an angle than shown, will exclude rear-view mirror vision 
and, at the same time, any angle short of 90° will not provide full visi- 
bility for the motorist looking back through the side window. : 

The access road condition shown in Fig. 2 is probably no more hazard- 
ous than an ordinary turnout for passing; certainly it is less hazardous 
than weaving and passing to right and left as practiced on present aula 
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Jane highways. This short statement is not intended to refute Colonel 
Crosby’s well-warranted criticism, but only to bring out the comparative 
hazards of the situation. 

Mr. Barnett suggests that the truck lanes: be placed on the outside, with 
_ the high-speed lanes on the inside, in order to eliminate the expense of 
“fly-under” crossings. The condition is illustrated in Fig. 5 as contrasted 
_ with the original suggestion shown in Fig. 2. 

/ The fundamental philosophy of the paper is that the highway should 
- be designed for basic operating safety. The design shown in Fig. 5 
_ requires the passenger vehicle to merge with the right-hand lane of truck 
traffic, pass across to the second lane, leave the second truck lane, and 
lastly merge with the passenger vehicles. This doubles the exposure to 
accident, particularly in passing across the truck lanes. The public is 
- quite aware of the hazards entailed in maneuvering around trucks because 
of their speed, length, and size. 

© Access to inside truck Janes can be provided at an average expense 
of $100000 even in flat country. Because the existing system of high- 
ways will carry all short-haul traffic and act as feeders to the express 
routes, truck access need not be spaced at intervals closer than 20 miles. 
Thus, such “fly-under” (under or over) connections will only add approxi- 
mately $5000 per mile to the cost, which does not appear out of propor- 
- tion when the entire cost per mile of express highways is considered. 
Superelevation and Curves.—The friction factor, f, has been added by 
several commentators in order to complete Equation (1). . There is) a 
difference of opinion among the commentators, however, as to the proper 
- value of f to use, the discussion centering on the effect of centrifugal 
force acting on the driver and passengers. The problem in reality is 
divided into two parts by climatic conditions. In regions subjected to ice 
‘and snow, the low coefficient of tires on ice will govern; in warm climates, 
‘the effect of centrifugal force on the driver will govern. Because of the 
“seriousness of side-skid on a curve at. high speed, the writer feels that 
design should be conservative and that some factor of safety be pro- 
vided in addition to that subsequently treated under the heading, “Factors 
of Safety.” 

-_‘Tests™ indicate that skidding on ice occurs at friction factors ranging 
“from 0.05 to 0.13. The writer has side-skidded on a curve at a friction 
factor of 0.04. It is recommended, therefore, that a friction factor of 
f = 0.03 be adopted for icy conditions up to the limiting speed that a 
ear can operate on ice on a tangent. Superelevating a curve for icy 
‘conditions, for a speed greater than that at which a vehicle can operate 
‘on ice on a tangent, is unnecessary. Where ice is not a problem, centrifu- 
gal force on the driver will govern. Several recommendations have been 
‘made by the discussers, but the writer’s tests confirm the recommenda- 
‘tions of Mr. Wiley, namely, f = 0.10. The writer’s experience coincides 
with that of Professor Moyer and Mr. Wiley, that a certain amount of skill 
not possessed by all drivers, is required to drive around a curve at a speed 


‘which develops a friction factor as great as 0.15. 
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In utilizing the foregoing recommended values, the radii of curves 
become so large that discomfort and possibly a hazard is experienced driving 
around them at the lower-speed ranges if the superelevation is a great as 1.25) 
in. per ft. It is recommended, therefore, that the transverse bank or slope be4 
limited to 5%, provided, of course, the radii are expanded the proper? 
amount based on the foregoing assumption. To illustrate, Fig. 10(a)) 
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shows the speed-radius relation for one cross-slope, 5%, and the design 
curve is based on icy conditions governing only up to a speed of 60 miles 
per hr., on the theory that operation at greater speeds on ice, on a 
tangent, is impracticable. For speeds greater than 60 miles per hr, it 
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is based on friction factors varying (approximately) uniformly from a 
§ value of 0.10 to 0.08. The intermediate curve shows the speed-radius 
_ relation when the centrifugal force is exactly balanced by the super- 
elevation. The lower curve, showing minimum speeds at which it is comfort- 
able to operate, is based on the observation that it is fairly comfortable to 
_ operate for a limited period on a pavement on a tangent which is 
crowned 2 in. in 10 ft., and this amount of “unbalance” toward the inside 
of the curve is assumed as permissible. Fig. 10(b) is similar except 
that it is based on a superelevation of 8%, which is approximately 1 in. 
per ft. A study of these diagrams is instructive, especially as related to 
: _ speeds below the “balanced” curve. 
q Before leaving this phase of curves, it will be illuminating to quote 
_ from a paper” by Professor Moyer, as follows: 
“A significant feature of the slippage tests is the magnitude of the 
slippage as the speed of the car is increased. The trend indicates that 
the slippage at speeds of 80 miles an hour or more is so large on curves 
sharper than 3 deg [r = 1910 ft] that the most skillful driver will have 
_ difficulty in steering the car and holding it within a 10-ft traffic lane.” 
; Transition WSpirals—The writer wishes at once to state that the 
% necessity for transition spirals where high speed is concerned, has been 
_ conclusively demonstrated by the discussers. There appears to be no agree- 
~ ment, however, as to the proper length to use. In actual practice the rate 
_ of change of centrifugal acceleration ceases to be a criterion because 
= superelevation cancels centrifugal force for a given superelevation-speed- 
_ radius combination. The factors affecting length, then, reduce to the time 
interval required for the operator to turn the wheel and the permissible 
rate of rotation. No one has commented on the time interval and it is 
hoped that engineers will continue to study this problem. 

The profession is indebted to Mr. Haile for presenting his analysis of 
- the principles of rotation as related to superelevation transitions. Such 
- analyses are a step in the right direction, and it is suggested that 
‘investigation be continued to establish well substantiated values for the 
a length, Zy, and the assumption that 0.27 represents a correct value for 
2, Vee (£, — Fy) | 

ee 

on the proper assumption of these values. 
4 The writer is not so sure that railway-highway conditions are strictly 
analogous as related to superelevation transitions. The wheel-base of 
railway coaches is so great that a car will twist if the rate of change 
- of superelevation is too rapid. The wheel-flange striking the outer rail 
is also a factor. Those conditions are not present in the highway 
3 problem. He also wishes to question the general assumption that very 
long spirals are desirable. It is possible that spirals longer than required 
to turn the steering wheel properly will require a nicety of “balance” and 
judgment in steering not possessed by all drivers. Thus, there may be 


the expression, The correctness of the result is dependent 


82 Civil Engineering, February, 1937, p. 114, 
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a tendency for the car to “wobble” in the lane, due to the necessity 
of changing the steering wheel constantly, and developing different slippage 
angles. It is suggested, therefore, that additional data be accumulated 
for the purpose of establishing design practice. 

Vertical OCurves.—It is disappointing that no contribution was sub- 
mitted on the problem of the influence of the head-light beam on the 
lengths of vertical curves. Mr. Haile states that the normal length of the 
head-light beam will not be affected if vertical curves provide a sight 
distance at summits equal to the distance required to stop the car. This 
becomes a reality if stopping distance is based on icy conditions. The 
general problem is divided into two parts, at sags and at summits. 

At sags, the factors are, length of head-light beam, height of the lamp 
above the pavement, the vertical angle which the upper beam makes 
with the horizontal axis of the lamp, and the algebraic difference of the 
grades. With known’ factors, a graphical solution is simple and may 
be applied during the process of establishing profile grades. A mathe- 
matical solution is simple, but it requires solving simple equations for 
two cases in order to determine the limiting curve and is not as rapid, 
therefore, as the graphical method. The vertical curves required for this 
condition are not particularly long, but some designers may have to revise 
their ideas of vertical curve lengths somewhat. All motorists are aware 
of the experience at sags of having the head-light beam cut off by the 
ascending grade ahead, and seeing the light advancing up the pavement 
until the car reaches a point on the curve where the normal length of 
beam is restored. 

At summits, the rounding curve intercepts the light rays and the down- 
curving pavement beyond this tangent point is in darkness, the head- 
lights piercing only space, giving the impression of a black wall ahead 
or that the car is about to plunge into an abyss. A mathematical analysis 
involving the differential calculus produces formulas (two cases), which 
yield startling figures. For instance, with an algebraic difference in the 
grades of 8% and a head-light beam of 400 ft, a vertical curve 2100 
ft long is indicated. A vertical curve of more than 3000 ft is required, 
if a sight distance (during daylight), of 1330 ft is desired, which 
illustrates the correctness of Mr. Haile’s observation. ; 

In view of the lack of corroborative evidence, it is hoped that tests 
and observations will be conducted for the purpose of establishing practical 
design procedure. Space does not permit, nor is it proper to present at this — 
time, the development of the formulas mentioned. Mr. Haile states that 
passing would not be permitted at the summits of two-way highways. | 
The writer knows of no positive method of preventing motorists from 
passing on summits, unless a police officer is stationed on every summit. 

Grades.——Many commentators question the value of limiting maximum ~ 
grades for the purpose of providing reasonable safety in descent on icy 
pavements. If traffic is so light that not more than two or three cars ar 
present in any mile, safety in descent then affects the individual car a 
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4 that car only will be involved in a skidding accident, but where the traffic 
is heavy, with cars immediately adjacent to each other, a skid promptly 
' involves other cars, with the result that from two to seven cars become 
snarled together, often with disasterous results. For instance, the Opera- 
_ tion Department of the Port of New York Authority experiences difficulty 
as soon as ice forms on the short 4% grade of the New York approach 
to the George Washington Bridge, in spite of the fact that cinders are 
applied almost immediately. It has also been found necessary to close 
the Pulaski Skyway on Route 25, New Jersey, at certain times when ice 
has formed. The maximum grades on this structure are 3.5 per cent. 
Ice can form in a few minutes, and a maintenance crew with many miles to 
cover will find it difficut to spread cinders promptly. Consideration should 
also be given to the limiting friction factor of ice, which varies from 
0.05 to 0.18. 

It is true that, if locating engineers are looking for an “easy way out,” the 
adoption of 8% and 10% grades will lessen their difficulties and shorten 
the time required for the location. This attitude is somewhat reminiscent 
of the early days of railway location. However, after the railways had 
passed from the pioneering period and became engaged in the reconstruc- 
tion of their lines, the attitude disappeared. There are cases on record 
of the location work taking a considerably longer period of time to complete 
than the actual construction. Indeed, studies for some railway lines have 
- extended over a period of ten years. Do highway engineers consider rail- 
way location more important than highway location, when the direct 
relation of alignment and grades upon vehicle safety is considered ? 
There should be a realization that the location of modern trunk highway 
routes is a very important matter, and all possibilities should be investi- 
- gated in order that the best obtainable route and individual location 
be secured. If the physical conditions of a trunk route are of such 
a nature as to require 8% grades, that should be sufficient cause for its 
rejection, if it is in a climate subject to ice and snow. 

Sight Distance—Messrs. Barnett and Haile are quite correct in stating 
that minimum sight distance should not be computed based on 17.4 ft per 
sec per sec, because of the high friction developed between tires and road 
surface in order to decelerate at that rate This point should be partic- 
ularly emphasized. Both suggest a friction ‘value of 0.40, which is equal 
to a deceleration of 12.88 ft per sec per sec. This is greatly superior to 
the value given in the paper, and its use is recommended: for climates 
not: subject to ice and snow; consequently, Fig. 4 should be disregarded. 

In regions subject to ice formation, the low friction coefficient of tires, 
on ice, should govern up to the maximum speed possible on such a surface. 
Be ocause of the comparatively long distances resulting, and because the 
: seriousness of an accident from this cause (within the lengths prescribed), 
than from insufficient superelevation, a friction value of 0.10 has 
A new diagram, Fig. 11, showing stopping distances, 
e used instead of Fig. 4. The writer realizes that the 
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diagram may be criticized on the basis of showing distances that are toot 
short to care properly for icy conditions in view of tests” which shows 
coefficients on ice as low as 0.05. 
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The question may also be asked whether there is any real justification : 
for designing on the basis of icy conditions in localities where ice may : 
not occur more than a few days during each year. The answer to this: 
question may be found in the well-stablished practice of other branches 
of engineering. A building, for example, may not have to withstand the 
wind loads for which it is designed more than once in 10 yr, or flood- 
control dams, levees, and spillways may not be called upon to withstand 
full flood height for which these works are designed, more than once in 
20 yr; yet engineers feel it is sound policy to design for the maximum. 
condition. In this connection it may be stated that highway engineers 
apparently are more flood conscious than accident conscious, as it is quite 
usual to construct highways above the highest recorded flood level. ; 

It is to be noted from Fig. 11 that a speed of 60 miles per hr under 
icy conditions, requires a greater stopping distance than a speed of 
100 miles per hr, with dry and wet surfaces. For a speed of 60 miles 
per hr on ice, a sight distance of 1332 ft (1200 ft + 132 ft) is required 
on level grade for a one-way (dual) highway. In order to obtain this 
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sight distance on a curve (with a central angle greater than 14°), and 
- assuming that all obstructions are cleared for a distance of 40 ft from 
3 the edge of the pavement, a curve with a radius greater than 5300 ft, will 
_, have to be adopted. In other words, if all trees, cut banks, or other 
obstructions are kept uniformly 40 ft from the edge of the pavement, 
it will be necessary to adopt a curve of not less than 5300-ft radius in 


ba ‘order to obtain a sight distance of 1332 ft. 

S Thus, in general, it is evident that if the design is based on icy condi- 
_ tions, sight-distance requirements will compel the use of curves of suffi- 
a cient radii to care for speeds of 100 miles per hr. 

A Safety on Tangents—There has been an implied assumption by some 


discussers that a tangent should be considered as a criterion of safety, 
“merely because it is straight. Straightness alone does not assure safety. 
The mere fact that there are more miles of tangent than curves is not the 
only reason that more accidents occur on tangents than on curves. There 
are sound reasons for these accidents. Often a fairly long tangent 
| 4 is encountered after a series of sharp curves. This is an invitation to the 
4 motorist to speed, and frequently other operating conditions not connected 
- with straightness are such that there is no justification for an increase 
Ein speed. 
_ A tangent with no separation between opposing traffic, narrow soft 
‘shoulders, deep ditches, heavy crown, steep grade, and with poles, trees, 
_ head walls, bridge walls, and guard rails near the pavement, is surely more 
g dangerous than a properly designed curve. Such a tangent, however, is in 
> direct contradiction to the spirit of the paper. An analysis of accidents 
~ which can oceur on a tangent of this nature may be enumerated as follows: 
- Head-on collision; rear-end collision, with car standing on the pavement; 
' side-swipe due to passing; forced off road by passing car and overturning 
in ditch; car sufficiently out of control due to soft shoulder to collide with 
‘tree, utility pole, guard fence, or other obstruction; car skidding with the 
Mt sreqientioned results; and a blow-out or other mechanical failure, resulting 
“in all the foregoing types of accidents. 
- With separated roadways, wide smooth stabilized shoulders free of all 
obstructions, adequate sight distance, smooth profiles, and reasonable grades, 
“some types of these accidents would be eliminated entirely, and the 
‘seriousness of a large number of accidents would be minimized. Sufficient 
‘time, space, and “elbow room” would permit a vehicle to recover from 
“a minor mishap in time to prevent disaster. 
It is not contended that a properly designed curve of sufficient radius, 
adequate superelevation, with well designed spirals, is more dangerous than 
any other part of the road structure. The philosophy of the paper is that 
hazards should be removed from the highway whether they occur on a 
tangent, on a curve, in a tunnel, on a bridge, in urban regions, or in the 


open countryside. 
Statistics—Several discussers presented detailed accident statistics and 


ave deduced certain conclusions therefrom. Statistics may prove mislead- 
ing unless thoroughly analyzed by a competent statistician. With no 
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attempt to treat a subject with which the writer is unfamiliar, it may be 
pertinent, however, to point out certain of the more obvious pitfalls 
connected with traffic-accident statistics. In analyzing such records, the 
relative values that must be assigned to certain figures should be borne 
clearly in mind. For instance, unless it is realized that less vehicle miles 
are operated at night than during the day, the erroneous conclusion might 
be reached that it is less hazardous to motor at night than during the day, 
when it is noted in Table 5 (f) that 58% of all accidents oceur during 
daylight, whereas only 42% occur during dusk and darkness. To partic- 
ularize further, it must be realized that there are less vehicle miles 
operated during rain, fog, ice, and snow, that certain regions in the United 
States have little or no rain, certain sections have no ice, and, furthermore, 
that there are fewer hours of rain than dry weather, less hours of snow 
and ice on the pavement, and still less hours of actual snowfall and fog. 
As previously noted, there are more miles of tangent than curves. 

When the statistics are properly adjusted to represent the true relation 
on a basis of comparison of hours-mileage-volume, a clearer picture of 
the actual exposure to accident for given conditions will result. There is 
little doubt that it can be shown that the exposure to accident is increased 
by rain, fog, snow, and ice, and that these are definite factors which should 
enter into the formula for safe highway design. 

Capacity.—Mr. Diehl states correctly that the safe spacing of cars 
should be the distance required to bring the vehicle to a stop (braking 
distance + lag distance). He further states that because of this, the 
capacity of a highway is unduly reduced at the higher speeds. This is true, 
but not to the extent which some investigators have assumed, since their 
assumption does not coincide with the driving habits of most motorists. 
Without condoning or in any way recommending this dangerous practice, 
it must be realized that operators usually keep a distance back from the 
car ahead only sufficient to care for the space covered during the lag 
period. The motorist relies on being able to decelerate at the same rate 
as the car in front. If a lag period of 1.5 sec is assumed, this distance 
approaches the braking distance at the lower speeds, but is only a fraction 
of the distance at the higher speeds. This becomes very striking if the 
total stopping distance is computed for icy conditions. : 

Factors of Safety—A careful study of Figs. 10 and 11, shows that the 
factor of safety for sight distances and curves is either zero or very low 
if the design for the actual expected speed is based on these diagrams. 
_ As Professor Hawthorn states, “the driver’s control over his vehicle varies, 
other conditions being equal, with the square of the speed.” In a rough. 
sense, this relationishp can be used as a measure of factors of safety. In 
other words, if Figs. 10 and 11 are used in the sense that values derived 
therefrom represent the ultimate strength of a material, then established 
engineering practice requires that some factor of safety be applied. If the 
“ultimate strength” is assumed as 100 miles per hr, then a factor of 
safety of 1.5 is provided at a speed of 80 miles per hr, 2 at 70 miles 
hr, and somewhat less than 3 at 60 miles per hr. It should be remembere 
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that a factor of safety (against ultimate strength) of 3 is in established 
use for such a uniform and consistent material as structural steel. Fully 
ei realizing that such a method is not strictly scientific as applied to high- 
- ways, and yet it does form some measurement-of safety. : 
If, then, it is desired really to design a highway for safe operation 
for a speed of 60 miles per hr, curves, spirals, superelevation, and sight 
distance (except where icy conditions require greater values), should be 
_ designed on the basis of a speed of 100 miles per hr. This will give 
_ a measure of safety in a longitudinal direction. 
2 Safety in a lateral direction is less easily measured. It is disappointing 
ae that the discussion did not contain any data and suggestions from which | 
~ a start-could be made to appraise factors of safety in a lateral direction. 
For instance, if the pavement was flanked by smooth, stabilized shoulders 
of infinite width, with all obstructions removed, complete lateral safety 
would be provided for many types of “out-of-control” skidding and 
_ “driver-asleep” accidents. Conversely, if the shoulder were only 1 ft wide, 
the accident hazard would be greatly increased. Manifestly, it is utterly 
impossible to provide shoulders of infinite width, but there must be some 
measure of the factor. of safety for any given speed-shoulder-width 
~ combination. This problem is not simple, and, therefore, presents 
a challenge. 
e In this connection, certain engineers have assumed that once a vehicle 
a is out of control, the responsibility of the highway designer ceases. If this 
j assumption were logical, then from force of logic the conclusion would 
be reached that the operator should always drive perfectly, in which case 
- there would be no highway problem. Since it is physically impossible 
for the motorist to’ drive perfectly, and since the results of an accident 
are the same from whatever cause, the designer does have a responsibility 
and, therefore, should make a reasonable allowance for the case in which 
the car is out of control. 

For example, as Mr. Lavis suggests, somnolence is a factor which 
should be considered. Any one may be guilty of it, and a certain amount 
of protection should be provided. One-way roadways, with sufficient width 
between, furnish a certain degree of protection to the left of the motorist ; 
the shoulder furnishes protection to the right. The slight additional rough- 
ness of the shoulder will awaken most drowsy drivers, and if given space 
and time, the car can regain the pavement without mishap. The same 
conditions apply to inattentive operators, 

The statements of Messrs. Carpenter and Wiley should be emphasized, 
that the minimum standard often becomes “the” standard, and is used 
when better standards could be applied with little, if any, addition in cost. 
Many times the designer is so engrossed in solving structural or mathe- 
- matical problems that he becomes “blind” to the essential issue of design- 
ing for basic operating safety, and, consequently, unwittingly inserts 
unnecessary hazards to operation. Often it is no more expensive to design 
safely, but there are many times when safe design requires courage and 
conviction on the part of the designer. Professor Alvord has performed 
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a service in emphasizing that under-design is unprofessional. It should 
be repeated that consistency in design is the very soul of safe design. 

The highway should be considered as a unit, and uniformity and 
consistency should be a feature of the results, whether the route be in the 
city, in a tunnel, on a bridge, or in the open countryside, to the end that 
it efficiently and safely serves its function as an element of transportation. 

Application to Broad Field.—Mr. Carpenter is acute and is quite correct 
in his assumption that the writer’s interest in safety also extends beyond 
the limits of the express highway. It covers the entire highway field, 
including farm roads and city streets, not only as related to new construc- 
tion, but also to the removal of hazards from the existing system. 

Design in this broad field must be approached with new vision, and 
enlightened standards must be established, based on a definite design 
speed, to the end that operating safety is the basic philosophy. As stated 
in the paper, the selection of the design speed for any particular class of 
road is one of the most important decisions connected with the design. 
The future possibilities of use and traffic volume must be determined 
accurately in order that adequate right of way and proper alignment be 
obtained. With such provisions, the initial design speed for remote roads 
may be set less than the ultimate as far as profile, graded width, type of 
pavement, and details are concerned, if economy is paramount. With such 
a procedure, speed standards may be improved from time to time without 
appreciable loss of investment. If the speed standard is less than the 
legal limit, the permissible rate of speed should be posted at frequent inter- 
vals. 

There is a tremendous opportunity to perform a humanitarian service 
in the removal of hazards from the existing system of highways. The 
magnitude of the task is apparent when it is remembered that there are more 
than 8000000 miles of rural roads in the United States. There is crying 
need for a hazard survey to locate and classify hazards according to some 
rating; and a program with appropriations in each State and each 
political sub-division of each State for the continued and _ consistent 
removal of hazards. The removal of such death-traps is quite certain to 
yield greater dividends in lives saved than the complete removal of all 
railway grade crossings. 

In order to provide a criterion of operating safety, it is suggested that’ 
the entire existing system be classified on the basis of safe allowable 
speeds. Thus, for example, it may be established that a given section 
between towns, or other natural division points, may permit vehicles 
to operate safely at a speed of, say, 35 miles per hr, except for a few 
particular locations where the safe speed may drop to a lower figure, say, — 
for illustration, 20 miles per hr. These places, then, are of particular } 
hazard, and every effort should be made to reconstruct them to the 35-mile 
standard at the earliest possible date. Except as related to the elapsed 
time of travel, it is inconsequential what the safe speed may be—10 miles 
per hr, or 60 miles per hr—as long as consistency is maintained. It is the 
unexpected hazard that will continue to take the lives of many conserva- 
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tive motorists on the existing system. The safe speed should be posted as 
; a speed limit on all roads which are of a lower standard than the legal 
_ limit, and a gradual change in operating .conditions should be provided 
~ when passing from one speed classification to another. 

e The writer realizes that the foregoing attitude is, in part, somewhat 
_ contradictory to the spirit expressed in the paper, but the paper applied 
to new construction, particularly as related to the trunk system. It is 
manifestly impossible to reconstruct all roads to high-speed standards. 
A program such as that outlined herein will do much to relieve the acci- 
dent situation within a relatively short period, certainly before any large 
volume of new construction can be completed. These roads will always 
be feeders to the trunk lines. 

Hapensive Highways not Necessarily Safe—Certain engineers appear 
_ rather complacent with respect to present and past highway-design think- 
" ing, and seem to feel that further mental and physical effort is not only 
- unnecessary but somewhat puerile. In the interest of safety, and for that 
i purpose only, it may prove educational if a few instances of expensive 
- projects, which fall short of the philosophy of the paper, are given. Their 
- identity is unimportant since no reflection on the designers is due or 
Z intended, and the illustrations are given solely to show that the engineer 
~ has not yet brought his thinking up to date as related to safety—he is not 
3 _ yet thoroughly safety conscious. 

e An express highway, several miles long, was constructed, which cost 
nearly $5000000 per mile, without right-of-way cost. It carries a daily 
- traffic of approximately 45000 passenger automobiles, trucks not being 
permitted; yet it has center ramps, the light standards are placed in the 
center safety island, and although the general posted speed is 35 miles 
- per hr, in severahedlaces the posted speed is 20 miles per hr, because 
of sudden sharp d aes and center ramps. 

3 An elevated stlingture several miles long was constructed at a cost 
" of more than $56500000 per mile. There is no physical separation of 
; opposing traffic; it has center ramps, and the roadway has an odd lane. 
- The economic justification for this structure, to a great extent, was based 
on its carrying a large volume of trucks. Present traffic is approximately 
35000 vehicles daily. During the first six months of operation the accident 
‘situation became so serious that trucks were excluded from the structure 
in an effort to reduce the accident toll. 

, This structure is a small part of a much larger project which cost an aver- 
age of more than $1 000000 per mile. The greater part of the route is of 
ple-lane type, four to six lanes wide, constructed at grade in the usual 
ailway and important highway crossings are elim- 
‘inated by grade separation. When completed, it was considered an out- 
“standing example of modern highway design. _ Within a Feat after Reig 
‘opened to traffic, the newspapers and public christened it Death Highway. 
“Three-car and four-car accidents were common, and six-car and seyen-car 
accidents not uncommon. In the last two or three years, a large mileage has 
‘been reconstructed and made over into a divided way, with an isiand sepa- 
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rating opposite direction traffic, at an additional cost of approximately $65 000 
per mile. It is reported that accidents have decreased where ,the roadways 
have been separated. 

These projects were designed by some of the most competent and alert 
highway engineers in the country, who were using the most modern and 
up-to-date design methods in vogue at the time. When it is considered 
that the work was performed within the past decade, the swiftness with 
which highway design thought is developing becomes apparent. It is also 
apparent from the unfortunate experience noted that the public is awaken-- . 
ing to the situation, and unless the engineer becomes alive to the problem, 
he is quite likely to find himself in an uncomfortable position from which he 
may not be able to extricate himself without loss of prestige. 

Conclusion.—There has been an assumption on the part of some 
commentators that the highway engineer is unduly restricted by laymen 
in the form of commissioners and politicians, and, therefore, of necessity 
must continue to design “within the money” in accordance with the ideas — 
of other than technical men. This is true to a certain extent, even at the 
present time, and it indicates that engineers should rise to the occasion 
and make an intelligent effort to bring the true facts before governing 
bodies. It is also true that the layman will only value the engineer and his 
judgment as highly as the engineer values and has confidence in his own 
competence and judgment. There was a time when engineers designed 
bridges “within the money” because they were brow-beaten into it against 
their better judgment. A series of failures convinced the governing bodies 
that they did not know as much about the forces of Nature as engineers. 
As a consequence, it is very rare for a bridge to be badly under-designed in 
this day. The highway is failing to-day, but its failure is not as spectacular 
and obvious as a bridge failure. ose 

It has been the writer’s observation that goverg, ai authorities are 
willing to listen to, and act on, concerted engineerir. ach/Pinion when they 
are convinced of the hazards involved in disregard tite ;; but when the 
engineers are uncertain and not in agreement TMD vcrassives as to 
the proper method of solving a given problem, the governing bodies must not 
be blamed too much if they take a financially conservative, as well as 
a politically expedient, attitude. : 

Consequently, it is of the utmost importance for engineers to bring. 
their ideas more in harmony with each other, and having achieved soli- 
darity, to go forth and spread the gospel of highway safety in relation to 
design. In the last analysis the engineer will be held responsible by the 
public for safe highway design. The writer reiterates his conviction that 
the engineer must have vision and courage. > 

The paper has been broadened and enriched by the discussion, and, ink 
closing, it is desired to express again appreciation to all the aischaeea 
who so generously gave their time and effort to the subject. ; 

In addition to those noted previously, acknowledgment is freely evel 
to the Automobile Manufacturers’ Association, and Mr. C. Georg 
Krueger, for assistance and courtesy in supplying data and illustrations. 
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BoELECTION: OF MATERIALS FOR ROLLED-FILL 
EARTH DAMS 


Discussion 


By L. FP. Harza, M. Am. Soc. C.'E. 


: L. F. Harza,” M. Am. Soc. C. E. (by letter).*—Much eredit is due the 
~ author for crystallizing the technique of selecting ideal material for the im- 
pervious part of an earth dam in so far as this can be done by mechanical 
- analysis. The paper is excellent with reference to the one problem of ideal 
grading of the impervious region, without relation to the remainder of the 
dam nor to its foundation nor abutments, upon the assumption that such 
ideal grading is consistent with other attendant facts and conditions. 

In a practical application, the ideal material is seldom available in the 
immediate vicinity. Usually, a large part, if not all, of the dam must 
be built of less ideal materials in order that, for reasons of economy, 
it may be obtained from necessary excavations or near-by sources. One 
would rarely find a foundation upon which to build that would conform 
to the ideal grading and degree of compaction called for by the author. 
Furthermore, it may be contended that the word, “stability,” in the 
sense in which it is used when applied to a given material, is an entirely 
different word from “stability” when applied to the dam as a whole, 
which is almost synonomous with “safety”; and the two uses of the word 
may have little in common. The unstable core of a hydraulic fill is made 
stable with relation to the dam as a whole by sufficiently heavy and free 
draining slopes. The same principle can be applied to a rolled fill to 
protect the up-stream slope from damage by rapid lowering of the reser- 
Whether or not the ideal grading should be struggled for 
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consequent increase in cost depends upon the purpose of the 
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dam, the foundation and abutment corditions, and the value of water, 
drainage provisions, and other factors. 

It is quite natural that the author’s insistence upon tightness should be 
emphasized in California where water conservation is of such importance, 
and because soluble elements are common in soils of arid regions; but. a 
vast number of flood-control dams are likely to be built in the East where 
tightness beyond the requirements of safety may have no importance 
whatever. Obviously, it would be unnecessary to struggle for high im- 
permeability, for example, of mere retarding dams for flood-control pur- 
poses, such as those of the Miami Conservancy District. Dams of high 
permeability may be just as safe and stable as very tight dams: (a) If 
the materials of different character are disposed in proper relation so that — 
they become progressively more permeable (and amply so) toward the toe; 
(b) if each material will not filter through the next material in succes- — 
sion; (c) if the materials are not soluble; and (d) if ample natural drainage 
is provided on the filter principle to insure the escape of leakage without 
the carrying out of material. Each material, of course, should be com- 
pacted as much as its character permits. 

It would be superfluous to struggle for the ideal grading and tightness of 
a dam if the foundation itself were subject to leakage, dwarfing that 
of the dam. This is the usual case with reference to dams in the Southern 
Peninsula of Michigan, some of which rest on as much as 1500 ft of 
porous sand and gravel, and depend for stability upon proper drainage. 
Seepage is dangerous only to the extent that it is not properly handled. 
The art or science of draining engineering structures, especially dams, is 
of such importance as to deserve recognition as almost a distinct field of 
engineering which has received altogether too little attention. 

The logical design of a dam and the selection of materials, even for 
the impervious part, is inseparable from its foundation and abutment 
conditions, drainage possibilities (whether natural or artificial), importance 
of water conservation, and the purpose and location of the dam. It is 
well to lean toward the ideal as far as consistent with these conditions. 
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ECONOMIC DIAMETER OF STEEL PENSTOCKS 


Discussion 
By MEssRs. JOSEPH D. LEWIN, F. KNAPP, AND RALPH W. POWELL 


JosePpH D. Lewin,” Jun. Am. Soc. C. E. (by letter).**—In that it 
permits taking into consideration such new factors as bend losses, entrance 
losses, etc., the development of penstock analysis in this paper is a very 
interesting one. In the form in which the authors have presented their 
analysis its application is limited to uniform (that is, horizontal) pen- 
stocks. A few changes in the interpretation of the present analysis are 
sufficient to extend its application to all horizontal and inclined penstocks. 

Friction Loss and Annual Cost of Penstock—In 1914, Professor AC 
- Ludin published his formula* which, in the notation of the paper, may be 


- written: 
7 (ery 
V 101.3 er Cg & Sz ox T | yer 


(hE 0) vi C?, as 


in which e, = the efficiency of the turbines, in decimals; e¢ = the efficiency 
of the generators, in decimals; e; = the efficiency of the joints, rivets, 
etc., in decimals; sz = allowable stress, in kilograms per square centimeter; 
by = the value of the power at the generators, in marks per kilowatt-hour ; 
[T = hours of use; y = the specific weight of steel (= 7.9); Cz = the 
_ friction coefficient in the Chezy formula; as = the annual cost of a ton of 
steel, in marks per ton; and Q’ = equivalent discharge, in cubic meters per 
second. Converted into the units of this paper, Equation (43) becomes: 


7 7 ; = 
D = 0.56682 \ eb sy eT NCO roe ee (44) 
ar C07, (1 + 2) H 
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The differences in the root, in the constant, and in the friction co- 
efficient are due to the use of different equations for determining the friction 
losses. 
The authors used the Scobey formula, Equation (1), and Professor 
Ludin, the Chezy formula, 


For turbulent flow with rough walls, the exponent, 2, for the velocity 
seems preferable. ; 

For the penstock under consideration the economic conditions of loca- 
tion, elevation, transportation, etc., determine the first radical in Equation 
(44) and the corresponding quantity in Equation (11), so that they become 
constant, which may be expressed, respectively, by the symbols, K’, and Ky. 
The economic diameter can be expressed as: 


69 57 2) feo 
D= \ QT KA Or ee ee eee (46). 
H 


For pressures greater than 3800 ft, and for the economic conditions 
prevailing in Central Europe, Professor Ludin® developed the formula: 


0, ar a he Tivite 
Dm = {5:2 2 = 1.26557 Ve@ Oo 47 
| i 5 (47) 


in which D,, = the economic inside diameter, in meters. The solution of 
Equation (47) is greatly facilitated by the preparation of a nomogram 
such as Fig. 2. Equation (11) may seem very complicated, and it will be 
quite difficult to obtain correct data for the value of the power and costs 
of the penstock. The value of K, or K’,, however, remains nearly unchanged. 
If the steel costs, a, are greater, the price of power will increase accordingly; 
or, if the load factor, /’, is small (peak power plant), the price of the peak 
energy, b, will be high too. 

This is the reason why Equation (47) is correct for most European 
penstocks. For all cases with pressures less than 300 ft (100 m) Dr. 
Bundschu™ advises heads of 300 ft. Using the values given in the paper 
under the heading, “Use of Formulas,” as prevailing in the United States, 
Equation (11) becomes: 


69%ine = 
2.9 
D = 1.33822639 viet gts, A (48) 


The corresponding diameters can be obtained from Fig. 2 which must be 
changed accordingly. In Fig. 2, there are two scales for diameters, the 
left for the European conditions (Equation (47)), and the right for 
the American conditions (Equation (48)). In the computation the writer — 
prefers to use “the equivalent discharge,” @Q’e, (discussed subsequently), — 


7 “Wirtschaflicher Hntwurf von Turbinenrohrlei ” a¥ 
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(Equation 


Feet 


D, 


1.50 


1.00 


Diameter, 
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0.45 


0.40 
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instead of the authors’ quantity, f Q*°; but for the purpose of checking tha 
values given in the Table 3, with f = 0.25, a scale corresponding to, 


6-9 C18 Bit area 
D = 1.38823 »/.9:25 Q** — 1.13555 Ni oe ee (49) 
H H 


is drawn on the right in Fig. 2. The scales for Equations (48) and (49) 
differ only by the difference in the constant. Table 5 demonstrates how very 
closely the computed values coincide with those found nomographically. 


TABLE 5.—Comparison or Mrtuops 


Economic ixnea E E ee liners i 
Maximum| D1Merer, D, RROR Maximum IAMETER, D, RROR 
discharge, IN FEET discharge, IN Fret 
Item} Q, in cu- -————__ |_| I tem] Q,, in cu- 
No. | bic feet By In No. | bic feet By In 
per Equa- By In per- per Equa- By In per- 
second tion Fig. 2 feet cent- second tion | Fig. 2 feet cent- 
(4 ages* (48) ages* 
(1) (2) (3) (4) (5) (1) (2) (3) (4) (5) 
(a) Averace Heap, H, Equats 100 Frerr (b) AvERAGE Heap, H, Equats 400 Furr | 
1 400 7.40 7.35 | 0.05 0.68 4 400 6.03 6.02 ] 0.01 0. i¢ | 
2 2 000 14.49 14.41 | 0.08 0.555 5 2 000 11.85 11.90 | 0.05 0.42 
3 5 000} 21.30 21.20 | 0.10 0.47 6 5 000 17.42 17.40 | 0.02 0.115 3 


* All less than 1 per cent. 


Fig. 2 will be the correct dimensions of a penstock under norma: 
economical conditions in Europe, or in the United States, respectively; 
Should the location of the penstock under consideration cause changes 
in Equations: (47) or (48) a new scale of diameter can be found very 
- easily, in 25 to 30 min, as follows: Substitute the new data in. Equatiom 
(11) or in Equation (44), depending on whether the Scobey or the 
Manning formula is preferred. The solution will have the form of Equa- 
tion (46). The discharge, Q, will be: 


ee) ono 


Next, applying Equation (50), find the discharges for values of D = 0.1, 
1.0, and 10.0; and H = 100, 1000, and 10000. The lines connecting the 
corresponding points, H and Q, in the nomogram will intersect in D = 0.1, 
1.0, and 10.0. This gives the place of the new D-scales and the size of the 
unit. The method thus described has the advantage that every D-point 
is found by intersecting three lines, and thus a double check is possible. 

Losses Other Than Those Due to Friction—The authors limit their 
analysis to penstocks of uniform diameter, or to a horizontal penstock only. 
Considering Equation (46) for a constant discharge, Q, the diameters at amy 
elevation, wu or v, may be determined by the formulas: 
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(eC ed 
D=K NED NCR a, Waite nna Ai (51b) 
H, 


ES nama : 

{ or kK a) ieewoich FC = “Kk? ‘/ (or K', MW Q®). The relation 
\ . 

etween two diameters at the different elevations may be expressed as: 


G9) 
4 Dee ADEN Latta ord ake. cos ot ue 

4 7.0 H, 7 

or Dy \l#s) 

: H, 
. In an inclined penstock, therefore, the different diameters, Dy, are 
ermined by Equation (52) after one diameter, D,, has been computed. 
onsequently, Equations (27) and (33) of the paper can be used without 
plying the limitations fixed by the authors. This general application 
: bend-loss formulas is the new idea introduced by the authors in the 
lalysis of penstocks. 
Hxample—tIt is intended to design a penstock, a part of which is 
zontal and a part inclined. The angles of bends, and their elevations, 
known. Applying Equation (52), reduce the different diameters to a 
ngle diameter, Dy, at a basic plane of reference, Elevation u, the result 
a series of formulas for annual friction loss, as follows (see Equation 


19)): 
AER Oe fb 1, 118K Ces) 1, He, ey) 


lee 6.9 4.9 6.9 
(>. ‘ JH ) Hy D*, 
A, 


1.17631 K, Q** ef b- 


Es, = Ky 1G» A aie Sialela pasttWeys, alessio lececouseoredene (54) 


4.9 
* oa Uu 


For any inclined part of the penstock the annual cost of friction loss will be: 


or, substituting Kp = 


pe aN Le ge ea (55) 
{Dy 

or any bend loss, at any elevation: 

_* 18.70719 Qre fb 


Ola 6.9 j— 4 
Qe D.) 

® 15h 
ea, 18.70719 Q'ef b] 
substituting % = LINE eee : 
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: 

In a penstock consisting of the three sections shown in Fig. 3, the tota' 

annual cost of the entire penstock will be the sum of a series of formula: 

similar to Equations (55) and (56) 
thus: 


Erxota = Ey, + Ey. + Eys + En 
+ Ey, + Hy, + E,...... (57' 
The economic diameter is determines 


by the first differentiation of Equa 
tion (57); thus: 


Lal 
dEy _ __ k, 4.9 Re 
dD, D*, 
1-41 1.41 | _ R 
Fie. y reget menehseay ca eh I Ze THE + H, L, + IGE 1s] 
kK 4 Er sa ie eS 
— 24/ H, Ka + NEE Kx| +B=0 oe) ssiqugy piel tea (58% 


in which B is defined by Equation (23d). Substituting, — 


Tor 141 ; 
SC — ae [\ AJ H, Ly + Na ,L. +->A/H; Ls | d cape acta (59a: 


and, 
4 ; L25— = 1.72 
= 5 | lg Ky + H Ke. | eee eee oe «+. (5901 
in Equation (58) and solving for B 
U V 
Bee $a eee 
D+ ny" | 


which corresponds to Equation (24) and ean be solved in a similar manne 
to yield: 


Die NSE: V i GbR ee ct 


Since *;, H, L, Ks, and Ky, corresponding to Equatign (20), are definit! 
constant values, Equation (61) can be solved. It is also advisable fo 
comparison to compute Equation (61) changing the root from 6.9 to * 
so that the limits of the error may be judged. 

The foregoing development of the basic formula, Equation (27), extol 
its application to all penstocks in which H is greater than 300 ft. 
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(43) Professor Ludin prescribes the determination of the equivalent discharge: 


> 


, Sg 
Q = Qrauivalent = EU ge RESET LEIIE See (62) 
Za 
in which q = partial discharge, in cubic feet per second, during a time 


terval,” ¢, for every different case. 

- The authors’ computation of different loss-factor values in Fig. 1 is 
‘very interesting. It shows that for the usual values of load factor, from 
F = 0.4 to F = 0.8, the loss factor ranges from f = 0.11 to f = 0.235, 
‘and, from f = 0.54 to f = 0.685, respectively, if the curves, HE and C, are 
assumed as limits; or from f = 0.065 to f = 0.5, and from f = 0.52 to 


va 


109 
10°) 


(Multiply by 


Q 


of Q2? (Multiply by 


of 


Values 
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———=— Hourly Load Curve a 
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Values of Time, ¢ 


Fic. 4.COMPUTATION OF EQUIVALENT DISCHARGES 


= 0.8, respectively, if Curves A and B are assumed as limits. This 


Boyes that the error in determining the penstock diameter for small load 


Sectors can be very high. For f = 0.4, for example, the error in Curves ¢ 


6. 


23 Manuals of Engineering Practice, Am. Soc. C. E., No. 11, p. 
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6.9 69 

“/ 0.235 , 0.40 | 

dH ] —<. — 1 = 0.116; and in Curves A and B, — 
an equals RO 0.088 


— 1 = 0.3013. The error is between 11.6% and 30.18%, thus nullifying the 
value of the meticulous and laborious determination of the economic diameter.: 

The writer considers that it is impossible to give any general factors, 
such as a loss factor, or any limiting values for the exact computation of: 
penstocks. Every region or district has its own characteristics whichl 
must be considered in each case separately. This can be determined, cor- 
rectly and quickly, in the following manner. 

A load-duration curve is usually computed in any case. For different: 
points on such a curve compute the values of Q? and Q*, as shown in Fig. 4 
The second and third roots, respectively, the averages of these values, ini 
Equation (62), will give the correct equivalent values of Qe for the 
computation of the economical diameter of the penstock. These equivalent 
discharges are the correct values for the consumption region. This simples 
computation eliminates any inexactness resulting from values taken from: 
the curves in Fig. 1. 7 

Limitation of Discussion—It should be noted that this discussion is 
limited to penstocks, in which the water pressure is great enough, because‘ 
Equation (6) is correct only if the pressure in the top and in the bottom: 
of the ring can be assumed to be equal (see Fig. 5(a)). For penstocksi 
under low and medium pressure (H < 200 ft), the ring formula cannot; 

be applied (see Fig. 5(b)). There-: 
fore, Item No. 2, in Table 3, hasi 
that Ad been computed incorrectly. This; 
Head is also true in the case of Item No. 3.! 


Furthermore, the present analy-: 


High Pressure 
Hea 


sis is based only on _ hydrostatic: 
pressure. In most cases _ thes 
stresses due to the bending of the} 
pipe between the supports must be: 


O- io considered and Equations (6), 
(a) () (7), (9), (10), (11), (20), (22),, 

Fic, 5.—Pressure Dis PIO} ) 

1G paspaas ts TRIBUTION (23d), (27), (28), (80), and (83) 


must be changed accordingly. 
Validity of Equation (6).—In the present analysis Equation (6) is valid| 
only for pipes in which the relation of the thickness of steel to the diameter 


is very small, ay 5 <a In all other cases the equations must be changed 


accordingly. Professor Ludin proposes using the outside diameter instead 
of the inside diameter in Equations (11) and (44). 

Other Limiting Factors—Finally, the diameter is limited due to the 
fact that, in cases of large discharges, two or more penstock lines are used. 
This effect can be considered by reducing the equivalent discharge by the 
number of pipes. Diameters of 21.30 ft and 17.42 ft (Items Nos. 3 and 6, 


. 
’ - dere 
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“Table 3) seem to be too large to be advantageous in actual operation. 
Wig. 2 demonstrates that for small heads and large discharges, the values 
yf the penstock diameters do not change very much. For example, when 
Hf = 100 ft and Q = 5000 cu ft per see, D = 25.50 ft; and for the same 
head and Q = 6000 cu ft per sec, D = 26.60 ft. In other words, a change 
of 20% in the rate of flow, changes the diameter only 7.6 per cent. This 
is clear because of the unimportance of friction losses in the computa- 
tion of large diameters. Furthermore, the factors discussed herein under 
the heading, “Limitation of Discussion,” should be considered as well. 
Thus, the values given in Items Nos. 8 and 6, Table 3, should be considered 
as being not exactly correct. The present analysis, therefore, is limited to 
‘penstocks of small and medium diameters (not greater than 12.0 ft), and 
great heights (H > 3800 ft). 

é It seems to be very questionable whether the diameters of penstocks 
situated immediately down stream from the dam can be found by the 
analysis suggested in this paper. Furthermore, the construction of a 
‘nomogram has two advantages: (1) It permits finding the maximum heads 
for given discharges and given diameters, for the standard sizes; and (2), 
‘once it has been computed no further calculation is required. Fig. 2 can 
lace all the calculations in ordinary cases of penstocks. 

For assistance in reading this discussion and encouraging the writer 
in his efforts, acknowledgment is freely given to R. W. Powell, M. Am. 
e. C. E., and Mr. D. C. Williams, of Ohio State University. 


y 
a4 
oe, 


F. Kwarp,” Esa. (by letter).”"—It is a well known fact that, in most 
“cases, penstocks for high-head plants have diameters decreasing toward the 
power house. The authors do not state the range of applicability of 
their own formula, nor do they’ mention the limit of application of the 
usual orthodox design with varying diameters. 

The analysis submitted by the authors, resulting in a penstock with 
constant diameter, is applicable as long as: (1) The cost of the 
penstock per ton is constant irrespective of the variation of the diameters; 
and (2) the top section of the penstock does not require a minimum thick- 


‘ness, imposed either for practical reasons or in virtue of danger of 


collapse. 
- Let AL be a short length of the pipe, with an internal diameter, D, 
Finder the total head, H. With a circumferential stress, s, the thickness 


a, 


of the shell (using the simple cylinder formula) becomes: 


pe 0.434 H D xX 12 
2s 


assume that the pipe forms a cone with the small angle, 2a, at 
Using the symbol, Da, to denote average diameter, the 


Now, 
the summit. 


2 Ticensed Engr., Sao Paulo, Brazil. 
2a Received by the Secretary March 20, 1937. 


| 
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weight of the pipe with the length, AZ, is: 


ALt w D7 H X AL x 0.434 X 12 _ constant — (¢4, 


W=wD,t = 
cos « X 12 2scosa xX 12 COS @ 


in which w = the weight of steel, in pounds per cubic foot (= 490). 
The loss of head, due to friction, is given by: 


Angle a does not appear in Equation (65) and this means that the los: 
of head in the two cases (constant diameter and decreasing diameter) ii 
the same. However, the weight of the pipe, according to Equation (64) 
becomes a minimum when cosa = 1. The diameter, therefore, should be 
constant. 4 

The foregoing two assumptions are the basic requirements for the 
applicability of the authors’ formula. However, in cases where the thick 
ness of the top section of the penstock is not determined by stress con: 
ditions, or when a special type of pipe is used in the bottom section (suck 
as forged or banded pipe) which has the effect of increasing unit cos‘ 
sharply, then the diameters of the penstock, to be the most economieas 
ones, should be stepped. 

Certain high-head penstocks are designed on the basis of accidentai 
surge conditions. In such cases, the determination of the design head 
including water-hammer, needs to include the influence of variations 0% 


' diameter and thickness.” 


A paper on high-head penstock design presented in 1933 contains ; 
proposal to increase the diameters toward the power house,” in order t¢ 
avoid the considerably increased surge in the second positive period 
which is sometimes as great as 200% of the primary surge, due to reflec: 
tions at changes of diameters and thicknesses. This proposal, fortunately 
has not been adopted, as it is based on an incomplete study. For pen 
stocks with decreasing diameters and which are designed to take extrem« 
surge conditions into account, the writer has shown that the “reflection 
times” of the various diameter sections should be exactly equal and 
furthermore, that the “transmission-factors” for the surge wave shoul 
be nearly equal.” These two requirements (actually incorporated in th 
design of three important high-head penstocks), together with the con 
sideration of the influence of head losses, have the economic advantagi 
of reducing the absolute maximum surge to values either equal to, 0: 
only slightly greater than, the primary surge. sash q 


4 
& 


*0“Ffigh Head Penstock Design,’ by A. W. K. Billings, M. Am. Soe. C.°E., Pate 


Dodkin, F. Knapp, and A. Santos, Jr., Assoc. M. Am. Soc. C. E. | i 

Hammer,” H'ydraulic Division, A. S. M. E., Power Division, Am. Soe. CB. 1938. bi 
%1 Loc. cit., p. 44. ‘ x ; 
82 “Simple Graphical Solution for Pressure Rise in Pipes and Pump Discharge Le 


by R. W. Angus, Proceedings, The Eng. Inst. : di 
PR Rhone yn oor, g g. Inst. of Canada, 1935, Vol. 18, p. 72; discuss: 


1a 


fay, 1987 POWELL ON ECONOMIC DIAMETER OF STEEL PENSTOCKS ; 981 


_ For such a penstock design with limitations, imposed by surge condi- 
ions, it becomes almost impossible to determine the best diameters by 
a alytic methods. For the aforementioned penstocks, the writer developed 
a direct graphical method without the use’ of “cut and dry” methods, 
which permits investigating all influencing factors with a negligible 
amount of labor. 

_ The authors based their analysis on minimum total annual cost. This 
assumption corresponds to a situation in which funds for investment in 


vided the return on each dollar invested will equal or exceed a fixed 
minimum. . 

- Most penstocks are designed on the basis of “output.” In certain eases, 
t becomes necessary to base the analysis on “capacity” and according to 
the prevailing conditions, both output and capacity must be taken into 
count. 

It appears from the foregoing that too much refinement of analytical 
methods is not warranted, and that all such computations should be used, 
combined with sound judgment, to arrive at the best solution. 


~ Ratew W. Powe,” M. Am. Soc. OC. E. (by letter).“*—In their “Syn- 
opsis” the authors state that their formulas differ from those heretofore 
blished in three particulars. The writer believes that Items (b) and 
(c) constitute worth while improvements, although in the case of Item (c) 
it may be noted that where a hydro-electric plant is operated at low load 
factor, it is usually to supply “peak power” which would be more valuable, 
that the product, fb, in Equation (11), may be fairly constant after all. 
However the authors’ form would be useful if it were adapted (as it easily 
could be) to the case of the economic diameter of a pipe through which 
water is to be pumped. If the use were not continuous, the economic 
diameter would certainly be somewhat less than for continuous operation 
at capacity. 

© HH. L. Doolittle,* M. Am. Soc. C. E., as well as William P. Creager 
bnd Joel D. Justin, Members, Am. Soc. C. E. (whe were cited by the 
authors), brought the load factor into the problem. Mr. Doolittle stated 
very clearly that the annual cost of the lost power will vary as the average 
‘of the cubes of the various flows; he drew a duration curve and another 
eurve obtained by cubing the ordinates of the duration curve; and showed 
that f is the cube root of the ratio of the average ordinate of the latter 


eurve to its maximum ordinate. Tt seems that this is the only satisfactory 


way to obtain the value, f, and that it cannot be obtained from F alone. 
P 33 Assoc. Prof. of Mechanics, Ohio State Uniy., Columbus, Ohio 

83a Received by the Secretary March 25, 1937. . 7 
«13: «4 Method for the Heonomic Design of Penstocks’’, by H. L. Doolittle, Transactions, 
A. S$. M. E., Vol. 46, 1924 (Paper No. 1946), pp. 1165-1178. 
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There are many possible duration curves, all giving the same power facton 
which will yield quite different values of f. For instance, suppose 
straight line varying from maximum to zero, and a curve the ordinate¢ 
of which vary as one plus the cosine of an angle from 0 to 180 degrees 
Both give F = 0.500, but the first gives f = 0.250 and the second, . 
= 0.125 (if 3 is used as the exponent of Q. If 2.9 is used, as the authors 
have done, f = 0.256 and 0.134, respectively. These correspond to Curves 
D and B of Fig. 1).*” 

Returning now to the consideration of Item (a), the writer questions 
whether the Scobey formula is the best on which to base the theory oz 
economic design, and whether it would not be better to assume that friex 
tion losses vary as the square of the velocity. This statement represents 
a change in opinion, because in 1927 the writer proposed a formula™ basec 
on the Hazen-Williams formula for pipe friction. This gave an exponen 
of 0.146 which is equivalent to the 6.85 root in Equation (11) as com: 
pared to 6.9 given by the authors, and 7 by the simpler theory now pro: 
posed. This was before Mr. Scobey published his formula. Four or five 
years later, the writer would undoubtedly have followed Mr. Scobey, aa 
the authors have done; but in the last few years additional light has beer 
thrown on frictional losses at high Reynolds’ numbers by J. Nikuradse,”, 
V. L. Streeter, Jun. Am. Soc. C. E.,* H. Schlichting,” and others. These 
data have been summarized in English by Mr. Streeter and Hunter 
Rouse, Assoc. M. Am. Soc. C. E.* Fig. 2 in Mr. Streeter’s paper, anc 
Fig. 10 in that of Mr. Rouse, give Nikuradse’s results. The lowest curve 


representing a roughness of = of the radius of the pipe, would seer 


to be suitable for most steel penstocks. At any rate plotting Weisbach’s 
f from Mr. Scobey’s original data against the Reynolds’ number, it seems 
to agree with this curve as well as with his own equation. Attention is 
especially called to Runs 65, 66 and 312 of his paper* which show a definite 
tendency of Weisbach’s f to increase in the region at a Reynolds’ number 
of approximately 1000000, just as it does in Nikuradse’s lower curve. (Of 
course, various types of riveting, age of pipe, etc. will give a series 
of curves, some lower and some higher, with their minimum points at some 
what different Reynolds’ numbers.) : 


If Nikuradse is correct (and Streeter and Schlichting have confirmed 
his work), the correct exponent of the velocity to give the friction head 


88> Correction for Transactions: In Hquation (40), write fa=fol5, 


rare pe nome Diameter of Pipe Lines”, Hngineering News-Record; Vol. 98, March 24, 
> Pp. . 


® “Strémungsgesetze in rauhen R6hren”, von J. Nikuradse, Verei : 
Forschungsheft, No. 361, 1933. ; a, eee: a 


80 “Frictional Resistance in Artificially Roughened Pipe”, by Vict L ter 
Transactions, Am. Soc. C. E., Vol. 101 (1936), pp. 681-718. . 7 OT 


7 “Hxperimentelle Untersuchungen zum Rauhigkei WU : 
Ingenieur-Archiv, Band VII, Heft 1, 1936. Se a aoe 


“Modern Conceptions of the Mechanics of Fluid T 1 ? ¢ 
Proceedings, Am. Soc. C. E., January, 1936,. pp. 21-63. pitino Sei 0 77 


4 The Flow of Ww ‘ater in Riveted Steel and Analo ou pe y f) red G Scobey, 
f4 8 Pi 1 ay b e y 
M. Am, Soc. C3 BR. ui echnical Bulletin No. 150, U. Ss. Dep . of gr culture, anuary, 930 
, t A i J 1 oa 
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in a typical large steel pipe would vary from 1.75 for Reynolds’ numbers 
between about 4000 and 50000; then it would increase to 2.00 at about 
200 000, and to 2.10 at about 300000; decrease to 2.00 at about 1000000; 
and remain constant for higher eidea It would seem, therefore, that 
for the Reynolds’ numbers usually encountered in a penstock, 2 would be 
as good a value to use as any. This would change Equation (11) to the 
venth root, Equations (32) and (33) to the sixth root, and would greatly 
mplify the intermediate equations. 

_ It should perhaps be re-emphasized that Equations (11) to (27) apply 
to high heads where the necessary thickness varies directly as the product 
of the head and diameter; and Equations (32) and (33) to the almost 
equally important case of low head in which the thickness of the shell is 
‘independent of both the head and the diameter. The writer must confess 
that he has never studied thoroughly the design of large pipe lines,” but 
he raises the question as to whether there is not a third case to be con- 
‘sidered—that’ in which the maximum shear in the pipe shell, considered 
as a beam, will govern the thickness so that it will be independent of the 
head but dependent upon the diameter. 

- The writer does not wish these remarks to be taken as adverse criticism 
¢ the paper as a whole, because he considers it a valuable piece of work 
done in a careful and thorough manner. He is particularly sorry that 
the senior author cannot participate in the discussion of the points herein 
Si aised. 8a Many years ago he had the privilege of working for some weeks 
the same room as Mr. Voetsch and under his immediate supervision. 
No young engineer could ask for a more kindly chief, or one with wider 
experience or sounder engineering judgment. 


89 “Design of ‘Large Pipe Lines’, by Herman Schorer, Assoc. M. Am. Soe. C. E., 
Transactions, Am. Soc. C. E., Vol. 98 (1933), pp. 101-— 191; and “Line Load Action on 
Thin Cylindrical Shells”, by Herman Schorer, Transactions, Am. Soc. C. H., Vol. 101 
(1936), pp. 767-810. 


396 Mr. Voetsch died on February 7, 1935. 
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DISCUSSIONS 


CONSTRUCTION AND TESTING 
OF HYDRAULIC MODELS . 
MUSKINGUM WATER-SHED PROJECT 


Discussion 
By MEssrs. G. W. HOWARD, F. W. EDWARDS, AND T. T. KNAPPEM 


G. W. Howarp,’ Jun. Am. Soc. C. E. (by letter).°*—In view of the 
increasing use of model studies and the corresponding increase in difficultie; 
of construction and operation of models, this paper is extremely helpful in 
its presentation of the author’s experiences in conducting the studies madd 
in connection with the Muskingum Water-Shed Project. 

It is doubtful whether the troubles that are encountered with pies 
zometers can be over-emphasized. The authors state that, of all measure: 
ments taken, the piezometer readings were the most difficult and unsatis: 
factory. This is generally true in almost every study of the type disi 
cussed, where much use is made of piezometer readings.” The genera: 
difficulty encountered is in fluctuations in the manometer tubes, causec 
by entrained air. To care for this factor, it is frequently possible to install 
bleeder’ valves at certain points in the line to permit correction of thi: 
difficulty and also to flush the lead line. 

When there are excessive fluctuations in the tube, it is also possible 
to use several arrangements for dampening these fluctuations in an effort td 
obtain an average reading. One method is to choke the line, either by 
using a clamp or by a reduction in size of the line. Another method iz 
to have a stilling-well, say, 9 in. by 9 in. by 15 in., into which the liny 
is led before it is taken to the manometer tube or gage bucket. This 
second method has been found by the writer to be preferable to choking 
the line. However, any method for dampening fluctuations to obtain ali 


ES Se SE ee 
Notre.—The paper by George E. Barnes, M. Am. Soc. C. E., and J. G. Jobes, Jun. Ami 
Soc. C. E., was published in December, 1936, Proceedings. This discussion is printed in 
Proceedings in order that the views expressed may be brought before all members fo: 
further discussion of the paper. : : . 
®°Junior Engr., U. S. Waterways Experiment Station, Vicksburg, Miss. $ 
6a Received by the Secretary March 11, 1937. : 


%> Correction for Transactions: In December, 1936, Proceedings, p. 1514 
heading, “Piezometer Readings”, ‘A piezometer orifice with alae’ Kole and in na 
of rounding is recommended for standard practice by C. M. Allen. M. Am. Soc. C. E. Tor 
smaller pipe sizes he suggests a 44-in. hole with »y-in. radius.5 The latter suggestion was 
adopted by the writers for model tunnels about 4 in. to 8 in. in diameter.” ; 


_ 
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average reading must be used with caution. Each gage should be investi- 
gated carefully to determine the time required for equilibrium to be 
teached, because inconsistencies in results can quite often be traced to 
Z manometer observation made prior to equilibrium. 


hydraulic investigations utilizing models have described briefly the labora- 
tory equipment and the physical features of the models as incidental: to 
he more detailed presentation of the test results. In this paper, the 
Erosive is true. Two objectives are reached by this change: First, to 
ther research workers, many hints on model construction and operation 
‘are given; and, second, to the designers who put into practical use the 
“results of tests, some of the problems to be met and some of the limita- 
tions to be expected in model studies are presented, thus promoting better 
anderstanding between the research and the design groups. 
~ It is proposed herein to add a few remarks on the economics of model 
nvestigations, to elaborate somewhat upon the operation difficulties listed 
y the authors, and to discuss the relation between the capacity of the 
prototype and the model as mentioned in the paper. 
~ Economics of Model Investigations—The cost of a model investigation 
difficult to determine in advance. As emphasized by the authors, caution 
ould be used in comparing the costs of different models. The construc- 
tion cost for some types of models is relatively large whereas the operation 
ost of others is the major item. The cost of the construction of the first 
test set-up and of the operation of the first series of proposed tests may 
be estimated readily, but the results of the first few tests may change 
the nature of the entire future program. Before the completion of the 
tudy, it is often necessary to develop new instruments to obtain the results 
Jesired. Furthermore, models similar in character studied at one 
jlace during an extensive program (as were the Muskingum studies), will 
sost less on the average than a single model. 
4 Offsetting the uncertainty of cost of a proposed investigation is the 
fact that model studies usually point to economies either by indicating 
nadequate designs, by directly reducing construction costs, or by both. 
Savings created by the elimination of unsafe designs are indirect and 
often cannot be evaluated accurately. However, there are many examples of 
reductions in construction cost, subject to accurate estimation, which were 
ereated entirely by model investigations. 
An example of a model study which eliminated an unsafe design and, at the 
ame time, reduced the estimated cost of the structure is that of 
he stilling-basin for the Conchas Dam which was completed at the U. S. 
Waterways Experiment Station, at Vicksburg, Miss. This study exposed 
a dangerous flow condition in the basin for the preliminary plan and led 
to the adoption of an alternate plan having a reported cost* of approxi- 


; F. W. Epwarps,’ Jun. Am. Soo O. E. (by letter)."*—Former papers on 
ay 


7 Associate Engr., U. 8. Engr. Oflice, 2d New Orleans Dist., New Orleans, La. 


7a Received by the Secretary, April 5, 1987. soe op fan oe ee 
ek lic Laboratory Projects of the Corps of Engineers, U. 8, Army,” by I. it. 
Seas Soc. C. E., Transactions, A. S. M. B., Vol. 58, No. 7, p. 561, 
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mately $625000 less than the original design. The cost of the mod 
study was less than $10 000. 

The estimated construction cost reductions which were made possible by ti 
tests for the Muskingum Water-Shed Project are not known to the writer, b: 
the general statement made by the authors, that “* * * the model studi: 
resulted usually in reducing the length or width of the basins, or both 
indicates that the money saved made the cost of the investigation appe: 
insignificant. There are many other examples of great economies resultir 
from model experimentation. 

Operation Difficulties—Operation difficulties place definite limitation 
upon model studies. The recognition of these limitations is essential — 
proper analysis of the test results. The authors state that piezomet¢ 
readings are the most ‘difficult to obtain accurately. Of course, the impo 
tance of the various measurements depends upon the particular probles 
being studied, but the writer believes that, ordinarily, velocity measur} 
ments in the type of model dealt with in the paper are the most diffiew 
and unsatisfactory. Pitot tubes, Bentzel tubes, and small current mete: 
all have their shortcomings particularly in exceptionally turbulent flo 
similar to that encountered in a stilling-basin. Sometimes it is possibl 
to obtain relative values, but in some cases it is practically impossible ~ 
obtain velocity measurements that have any value whatever. New instru 
ments based on different principles are needed for these measurements. 

Entrained air, referred to in the paper, is not only a factor in sea: 
conversions, but often becomes a cource of trouble in pizeometer and Pitd 
tube connections. These connections, from orifice opening to manomete 
should be as short as possible. In addition to avoiding sharp bend 
they should slope upward throughout their length to eliminate sags wher 
air often becomes entrapped. Mechanical devices for drawing the air ov 
of connections are desirable if not essential. Vacuum _ Pumps or a: 
ejectors are most satisfactory for this purpose. 

Capacity of Prototype and Model.—The authors mention the impo: 
sibility of reproducing the frictional factor to scale in models of the sid 
of those discussed. They suggest measuring the value of n experimental] 
and then using it to determine the discharge conversion factor. In 
model in which the roughness is significant, this method must be use 
with caution because the corresponding stages may be considerably 5 
error and the location of the hydraulic jump affected accordingly. Ee 
example, consider a model that has too great a value for n. For norm: 
head-water elevation, the conduit discharge would be too small, Unde 
this circumstance a tail-water elevation in the model corresponding to th 
correct prototype discharge would cause the hydraulic jump to form w 
stream from its correct position. Particularly in a basin having warpe 
sides and sloping floor, this condition would be difficult to analyze. Hoy 
ever, by varying the tail-water elevation for a given discharge, sufficier 
data may be collected to permit proper analysis of the basin action whe 
the head-water elevation, conduit discharge, and tail-water elevation a1 
correlated. 


5. 
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£4 One solution for the problem arising from the inability to reduce the 
friction factor below a certain limit is to use a model that is large enough 
to eliminate the scale effect. This often would require space and discharge 
capacity beyond the laboratory facilities. 

e Another solution, which would eliminate the conduit section and pro- 
vide for studying the intake and stilling-basin in separate models, should 
be considered for each specific problem. ‘The friction loss in ‘the conduit 
“section would be left entirely to computation. 


Ae 
© T. T. Knarren’ M. Am. Soo. C. E. (by letter)".—The general plan for 
Ge Muskingum project, referred to by the authors as the “Official Plan”, 
‘was prepared by the U. S. Engineer Office, at Zanesville, Ohio, in co-opera- 
tion with the Muskingum Watershed Conservancy District and was com- 
pleted about August, 1934. This project then was constructed by the U. S. 
‘Engineer Department under the co-operative agreement between the 
Muskingum Watershed Conservancy District and the U. S. Engineers, 
re presenting the Public Works Administration. Since the work was to 
€ constructed with P.W. A. funds and since the law at that time required 
that all funds be obligated by July 1, 1935, the Designing Staff was faced 
with the problem of completing the plans and specifications for the entire 
‘project by the following May, in order to allow a sufficient period for 
vertising the work and awarding the contracts. In analyzing the design, 
f was apparent that numerous difficult hydraulic problems would develop 
al d that the time for their solution would be limited. Negotiations were 
started, therefore, early in the summer of 1934 with the object of devising 
a arrangement for testing the proposed hydraulic designs in a suitably 
equipped hydraulic laboratory. An agreement was finally made with 
-rofessor Barnes to have this work done at the Case School of Applied 
ience, in Oleveland, Ohio, and Mr. Jobes was assigued as representative 
of the U. S. Engineer Office to assist Professor Barnes in performing the 
experiments and to serve as a “contact man” between the two organizations. 
' At the time that these negotiations were going forward, a section was 
aing organized in the Zanesville Office to design the hydraulic structures. 
Mr. Paul H. Jaenichen was placed in charge of this section. The pre- 
liminary hydraulic designs were developed under his direction, and labora- 
tory tests were than run to check and improve the tentative plans. A close 
lation was maintained at all times between the design section and the 
oratory. The hydraulic model experiments were considered as being a 
rt of the actual design. Throughout the course of the experiments, this 
olicy was strictly maintained. Under ordinary circumstances one might 
have been warranted in conducting these experiments to extend the range 
‘test data beyond the immediate needs of a specific design problem and to 
¢ btain information of more general applicability; but the severe time limi- 
tation made it necessary to dismantle each model and replace it with 
another one ‘as soon as the particular problem was sufficiently clarified. 


SS ay SR Eo OL Pe ae 
® Principal Engr., North Atlantic Div., U. S. Engrs., New York, N. Y. 
9a Received by the Secretary April 12, 19387. 
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Exceptions were made in cases where existing models could be used with 
little or no alteration for preliminary investigations of similar features 
on other dams in the project. 

Table 1, showing the cost of labor and materials involved in the ay. 
testing, is known to be accurate, as a strict system of accounting was 
established as a basis of approving bills for the work. The over-heac 
charges of 40% are reasonably representative of the actual over-head costs; 
The total cost of the hydraulic model work, including over-head, was 
approximately $42000, or an average cost of about $4000 per model. The 
construction cost of the fourteen reservoirs of the. Muskingum project was 
approximately . $23 000000, so that the cost of the hydraulic model testing 
was slightly less than 0.2% of the project cost. Although hydraulic experi: 
ments were made for only eleven of the dams, the results were used on al. 
fourteen. The writer feels that the expenditure was more than justified by 
the results obtained. 

At the beginning of the hydraulic design work, little information was 
available about hydraulic-jump action in sloping and flaring channels 
Considerable difficulties were encountered in the first designs, and mann 
changes were necessary in the first models, in order to arrive at a gooo 
stilling-basin arrangement; but as the hydraulic experimental work pro\ 
gressed and test results from the first models were analyzed, definite design 
rules were developed and the art of designing stilling-basins was graduall 
mastered. Two models of the outlet structure of the Wills Creek twit 
conduit were built before a satisfactory solution was found; but the larges: 
part of this cost should be distributed among the other dams, since all 
the later designs benefited by these first experiments. The designs of th: 
Mohawk and Bolivar outlet works, also twin-conduit structures, gave sucl: 
surprisingly good check results during the model tests that it was founa 
unnecessary to perform experiments on the Beach City structure, which i) 
in principle the same as the Wills Creek layout. The cost of the Mohawh 
tests was relatively high, due to the completeness with which the intak: 
structure and the conduit system were reproduced in the model. : 

The experience with the small single-conduit outlets was similar to tha 
with the large twin-conduit structures. The Tappen and Clendening out. 
lets were treated very completely in the experimental work, and numerout 
changes were made in these models. The stilling-basin designs for Piedmoni 
and Pleasant Hill were based on these experimental findings, and wher 
tested in the models gave such close check on the original designs that i 
was felt that the Leesville and Atwood structures could safely be eliminatec 
from the experimental program. The relatively high cost figures for th’ 
hydraulic experimental work for the Charles Mill, Dover, Mohicansyille, ane 
Pleasant Hill structures are due to the fact that the spillways were includee 
in these models and that the design problems were of an intricate nature, 

The use of the hump in the stilling-basin apron at the ends of th 
tunnels for Tappan, Clendening, and Piedmont, first developed by Mb 
R. G. Schneider while assisting in the design of these structures, prove: 
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Fig. 11.—WIvLus Crenk DAM, OHIO, 1937: STILLING-BASIN FROM TOP OF Dam 
(DISscHARGE, 15 000 CuBIC FEET PER SECOND) 


1937: STILLING-BASIN (DISCHARGE, 
16000 CuBic FEET PER Spconp) 


Fic, 12.—MoHAawk DaM, OHIO, 
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to be an interesting feature. In these cases the conditions for tunnel! 
driving were most favorable at the elevations selected. At Tappan, for 
instance, if the tunnel had been raised to the required invert elevation t 
avoid the use of the hump, the crown would have broken through a hard 
sandstone into soft shale which would have required timbering the tunnel: 
at an increased cost of about $10 000. 

It is worthy of note, that the hydraulic jump at Clendening is create 
by the hump in the stilling-basin apron; without it, unsatisfactory stillin, 
performance would have to be expected under the prevailing conditions of 
high tail-water. In the case of the work at Tappan, plans and specifications 
were issued, and the construction was started in advance of the completio 
of the hydraulic experiments. Because of this, it was not feasible to make¢ 
all the modifications indicated by these studies. The model experimentss 
showed that an eddy could be expected in the stilling-basin under certain: 
conditions of discharge and tail-water, because of the unnecessary basin: 
width, whereas under more favorable conditions this eddy would not occur.: 
The writer was fortunate enough to see both these conditions reproduced: 
in the prototype in the spring of 1936, after having witnessed the condi-: 
tion in the model. A very close agreement between behavior of model. 
and actual structure was observed. 

During the 1937 flood, the Muskingum Conservancy District was unable,; 
because of legal difficulties, to close any of the gates for regulation, so that: 
even with considerable outflows, discharge heads were relatively small and: 
tail-water levels were higher than normal, due to the small controlling: 
effect of the reservoirs. Thus, stilling-basins during this flood were sub- 
ject to an extreme and very unusual test. Im all cases observed, the’ 
hydraulic jump developed very close to the exit portal. The condition of 
outflow with low kinetic energy and high tail-water is difficult of proper 
treatment in the design, due to the proximity of unbalanced hydrauliec- 
jump conditions, but the structures acted remarkably well under this test. 
In comparison with the hydraulic model work, it may be stated herein 
that the appearance of the stilling performance in the actual structures 
was far better than that found under similar conditions in the model 
tests. Various small and rather unimportant flow details that had been 
observed on the models were reproduced in the actual structures in striking 
similarity. 

An interesting point developed by the model tests was that the flare 
of the side-walls and the width of the stilling-basin should be limited to 
obtain the best hydraulic-jump action. This was borne out by a comparison 
of the action of the Wills Creek and Mohawk Dams during the 1937 flood 
(Figs. 11 and 12). In their general layout these outlet structures have 
much in common, both having large twin conduits. The length of the 
Wills Creek Basin was limited by the dropping off of the rock formation 
under the far end of the right-basin wall. Its sloping apron is slightly too 
steep, and the basin width required to reduce the exit velocity to safe limits 
is somewhat too large for proper jump action. Fig. 11 shows the Wills 


, 
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' Creek Dam discharging about 15000 cu ft per sec, or 7500 cu ft per sec 
_ from each conduit, during the January, 1937, flood. The back rolls along 
each side-wall, induced by the departure from ideal conditions described 
_ previously, are plainly visible. Fig. 12 shows the Mohawk Dam during 
_ the same flood, discharging about 16000 cu ft per sec under similar tail- 
water conditions. The attainment of close to an ideal design is indicated 
_ by the absence of back rolls. 

_ The writer would like to emphasize the effect of baffle-blocks as described 
by the authors. The model studies showed repeatedly that properly located 
~ bafile-blocks stabilize the jump action, permit the use of somewhat shorter 
_ stilling-basins, and provide a factor of safety against unforeseen low tail- 
water conditions. 

_ A controlling influence in the design of outlet structures is the correct 
determination of the tail-water conditions. The writer was impressed, 
by the Muskingum model studies, with the importance of securing accurate 
survey data from which to compute rating curves below dam sites. 

_ The authors are to be congratulated on presenting this excellent paper, 
and particularly for setting forth cost data and describing in considerable 
detail the method of model construction. As they suggest, the cost data 
must be used with caution, as they are representative of a project involv- 
ing a large number of structures. Had the model works not been grouped 
in a continuous program, the costs would have been probably 25% to 50% 
greater. The writer feels that the expenditure was more than justified 
and believes that the engineering budget for a similar project should include 
an allowance for model tests as a part of the necessary and warranted 
design cost. 

- he writer concludes from his experience on the Muskingum project 
that model tests of this type should not be considered as a full substitute 
for careful analytical design. In combining, properly, hydraulic model 
~ experiments with theoretical methods, feasible solution of hydraulic prob- 
lems may be obtained at a minimum engineering cost. The hydraulic 
engineer should use the model technique where the laws of hydraulics and 
hydrodynamics are insufficiently known or their application excessively 
_ complicated. The hydraulic problems affecting the design of reservoir 
4 outlet work are so involved that it is only by the most careful use of all 
" ayailable methods of attack that acceptable results can be obtained. 
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DEFLECTIONS BY GEOMETRY 


Discussion 
By WILLIAM BERTWELL, Assoc. M. AM. Soc. C. E. 


Wituam Bertrwewu, Assoc. M. Am. Soc. C. E. (by letter).°—Being 
simple and explicit, this valuable paper is easy to follow. An actual trial 
of the geometric method should convince most engineers that the usual 
textbook treatment of many problems (particularly arch analysis) is cum- 
bersome and difficult to remember. The author is to be congratulated 
for his careful development of the fundamental conceptions as well as for 
his choice of illustrations. 

The virtues of the geometric attack are especially apparent in dealing 
with trusses, as Mr. Hall shows. Although it is equally convenient to 
compute the deflections of flexural sections by geometry, in this case the 
geometric method is also, essentially, the method of elastic weights, since 
the elastic weight of an element of an elastic rib may be defined as the 
angular distortion caused by the application of a unit moment couple to 
that element. Unfortunately, however, the method of elastic weights has 
come to be completely identified with the conjugate beam convention in 
the minds of many engineers, and, hence, it may be that the adoption 
of such a term as “geometric method” is desirable. . 

For some time the writer has been using the double summation pro- 
cedure for the calculation of influence lines for the redundants of a fixed 
arch, and has found this process to be simpler and shorter than any 
other, unless one uses a definite mathematical arch such as that developed 
by Charles S. Whitney, M. Am. Soc. C. E.” For designers who take 
rib-shortening into account in arch design, it might be explained that 
this effect may be included quite simply in the geometric method. For 
example, in Table 1, the elastic shortenings of the elements are to be 
computed and the components of these shortenings in the directions of. 


Ss 
NotTe.—The paper by David B. Hall, Assoc. M. Am. Soe. C. E., was published in 
Sie a awig ent rt ont an eae ask ge ‘on this paper —_ appeared in Proceedings, in 
ollows: February y Messrs, A. J. McCaw, and L. BE. Gri 
Ralph W. Stewart, M. Am. Soc. C. B. mnter Ant Soe 

® Associate Civ. Engr., U. S. Bureau of Public Roads, San Francisco, Calif. 

®¢ Received by the Secretary March 17, 1937. 
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X-X and Y-Y recorded.%* Then a single summation of the vertical 
components will provide the corrections to the vertical deflections 
at the division points, and the total of the horizontal components gives 
he correction to the horizontal movement of the hinge point. 

$f. The author’s analysis of the unsymmetrical beam of Fig. 10(c) is 
brief, but the results may be reached with equal facility by adhering to 
tt e general method—the mathematical equivalent of the mechanical 
method. In this case, the analysis may be made by removing one sup- 
port, fixing the other, and then applying a unit moment and a vertical 
force at the free end such that the total deflection of that end is zero. 
. fhe problem is easily visualized in this manner, and one needs no formulas 
for the evaluation of the constants of the moment-distribution method; 
4 is only necessary to remember their definitions. This process is 
exemplified in Table 6 by an analysis for one end of the unsymmetrical 
beam used by the author. (In Table 6, in addition to the notation of the 


= 
paper, ih ee 2 ; and y = deflection.) 


4 The author’s division of the beam into twelve full sections and two 
half-sections draws attention to a common inaccuracy which can be easily 
eliminated. Briefly, the correct influence values, found by any process of 
finite summation, occur only at the divisions between the finite elements— 
not at their centers. The writer realizes that it is unnecessary to secure 
extremely accurate results because of the designer’s many assumptions, 
such as the magnitude of the live load: and impact forces, the degree of 
elasticity of reinforced concrete members, and the effect of reinforcing 
sel in such members. Nevertheless, it is apparent that the results sought 
re the angular distortion of the element and the deflection of one end 
from the tangent at the other. The first is the product of the moment 
and the elastic weight, and the second is the product of the angular 
distortion and the distance from the instantaneous center of rotation to 
the face of the element. Hence, one can calculate true deflections only 
at the division points between the elements. In the graphical solution 
th is means that the true influence curve is tangent to the equilibrium 
polygon at the division points between the beam elements. Column (11) 
F Table 6 takes account of this, and it is apparent that the extra labor 
is slight. 

In Column (13), Table 6, are values obtained from an analytical solu- 
tion of the same beam, taking into account all refinements except shear 
“a stortion and the curvature of the top and bottom of the beam between 
d ‘vision points. If these values are considered comparatively exact, the 
error of the writer’s approximate solution is only about one-half as great 
as that which results from using the points at the centers of the ele- 
The error of the author’s solution is small, however, and this may 
ivisions of the beam. 


ments. 
be attributed to his having used rather short d e 


In Hquation (15) change “44 B” to “aR”. 
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D It may be well to explain the refinements used in obtaining the “exact” 


| lues in Column (18), Table 6. Consider the fundamental elastic prop- 
erties of a trapezoidal element. It may be shown that the center of 
ravity of infinitesimal elastic weights is at the-intersection of the diagonals, 
rather than at the mid-point between the parallel bases. Furthermore, the 
true elastic weight of the element is measured by the sum of the two 
parallel bases divided by the square of their product, rather than by 
the reciprocal of the cube of the depth at the mid-point. For example, if the 
larger base is 1.25 times the smaller, and the computations are made 
in the ordinary manner, the error in the location of the elastic center of 
the element is 5.55% of the length of the element, and the error in the 
value of the elastic weight is 2.46 per cent. The ratio of 1.25 between 
the bases is not uncommon, and is slightly exceeded in the author’s example. 
The problem is still further complicated because the instantaneous center 
of rotation developed in each element by the vertical force at the end 
is not at the center of gravity of the infinitesimal elastic weights, but at 
the center of gravity of the infinitesimal angle changes caused by the 
force. This shift in the center of rotation, when a shear causes the mo- 
ment in the element (that is, when the moment is not constant through- 
‘out the element), is not usually large except for the one or two elements 
adjacent to the point where the vertical force is applied. In the writer’s 
‘solution of the author’s example, this shift is 0.51 ft for Element A-1 
and 0.18 ft for Element 1-2. It is a simple matter to use the correct 
‘elastic weights, but the variations in their location would indicate that 
a graphical solution, in which the equilibrium polygon corresponds to the 
‘elastic line of the beam, would provide greater accuracy with less labor 
than the analytical solution. However, an analytical solution taking all 
these refinements into account is not too lengthy if a computing machine 
‘is available. In fact, in this instance only two more operations would 
Pe been necessary to include the effect of the shearing distortion. 
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GRAPHICAL DISTRIBUTION OF 
VERTICAL PRESSURE BENEATH FOUNDATIONS 


Discussion 


By MEssRs. WILLIAM P. KIMBALL, I. M. NELIDOV, GEORGE 
PAASWELL, AND JACOB FELD 


Wiuuiam P. Kimsatu,’ Assoc. M. Am. Soc. C. E. (by letter).“~—As long @ 
the Boussinesq equation is used for the determination of vertical stresses q 
soil underlying foundations, accurate short-cut methods of applying the equal 
tion to actual problems will be of value to the soil engineer. In his pape 
the author has provided such a tool. The writer has had many occasions t 
compute, by the Boussinesq equation, the stresses under foundations of var1 
ous types, and after experimenting with the author’s graphical metho: 
believes that it represents one of the most efficient time-saving devices avai: 
able for the solution of most stress-distribution problems. 

To illustrate the application of the method the author has shown thi 
analysis of stresses under the centers of individual spread footings supportin: 
a building. A different type of foundation to which the method is equall! 
applicable is a single large area, such as the base of a bridge pier. In thii 
case it is not enough to find the stresses at various elevations under onl! 
the center of the area. The net settlement of a bridge pier due to the con 
solidation of the underlying soil must be caused by the average stresses unde 
the loaded area rather than by the maximum stresses which occur, at leas 
at a distance below the loaded area, under the center of the area. The deter 
mination of the average stresses at various elevations under the loaded are: 
becomes necessary. Using the pressure chart for z = 10 ft (Fig. 3) th 
writer has determined the stresses under various points of a footing, 20 by 20 f 
in area, uniformly loaded with 1 ton per sq ft. These stresses, together wit. 
the resulting stress contours, are shown in Fig. 6. From these contours it i 
a simple matter to compute, with satisfactory accuracy, the average stres 
over the entire area. In this particular instance the average stress was com 


L Notr.—The paper by Donald M. Burmister, Assoc. M. Am. Soc. C. E., was publishe 

in January, 1937, Proceedings. This discussion is printed in Proceedings in order th 

the views expressed may be brought before all members for further discussion of the pa 
‘Asst. Prof. of Civ. Hng., Thayer School of Civ. Eng., Dartmouth Coll., Hanover, N. 
™4 Received by the Secretary February 18, 1937. 
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uted to be 0.500 ton per sq ft, as compared with the maximum center stress 
of 0.696 ton per sq ft. The difference between the stress under the center and 
ie average stress decreases, of course, as the distance below the loaded area 
lereases, and the limit beyond which it is mot necessary to compute the 
erage stress can be determined readily by practice. 
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Fig. 6.—VERTICAL PRESSURES AT 2=10 FEET BENEATH A 
20-Foot By 20-FooT LOADED AREA 


_ An additional short-cut which may be used in certain cases has been pre- 
viously suggested*® by the writer, namely, to compute the stress under the 
‘eenter as under the center of a uniformly loaded equivalent circular area. 
An equivalent circular area to the 20 by 20-ft square has a diameter of 22.5 ft. 
‘Substituting the proper values in Equation (8) of the paper a center stress 
of 0.707 ton per sq ft is obtained for 2 = 10 ft. This compares favorably 
‘with the 0.696 ton per sq ft obtained by the graphical method, and results in 
a substantial saving of time. The accuracy of this approximation increases, 
quite apparently, as the distance below the loaded area increases, but 
Jecreases as the shape of the loaded area digresses from the circular form. 
ether this approximation is sufficiently accurate in any particular case can 


I. M. Neuwov, Assoc. M. Am. Soc. CO. E. (by letter).°*—Without rais- 
e distribution of pressure in the upper strata of 


ing questions as to th 
foundations, the value of the concentration factor, n, and other factors 
eS Loe Aa 


8 Proceedings Am. Soc. C. H., August, 1933, p. 1060. 
9 Senior Engr. of Hydr. Structure Design, State Dept. of Public Works, Sacramento, 


ie Received by the Secretary March 4, 1937. 
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pertinent to the problem of the behavior of soils under load, the writes 
wishes to apply the principle proposed by the author to the case in whick 


Fic. 7. 


the pressure is not uniform, but varies linearly. In this case the pressur 
at Point A (Fig. 7), due to a loaded foundation area some distance awax 
will be: 


=f AK’ = bad Baas ae 
mm STE Lee tries ( fameae— fn oa) |p 


AK? } . 
=|». = (a, — a) aie (a ~) | = Dn + Dee .. AE 


in which, in addition to the notation of the paper: p, is the uniforr 
pressure at Point A, in tons per square foot; pz, and pz. are corresponc 
ingly the pressure due to uniform and non-uniform loading; tan 7 is th 
slope of the linear variation of the stress taken normally to the line c 
zero stress due to bending only, in tons per cubic foot (see Fig. 7); an 
Ix: and Iz. are the projection of the are of radius, r, intercepted by th 
loaded area, on the line, O-X. 4 

The derivations for obtaining the pressure, pu, are given by th 
author. To determine the pressure, pz, Fig. 8 is constructed similarl 
to Fig. 8. This is done by taking as abscissas the radii, r, and layin 
out the distances, Jz, to the left of the point of intersection of the ar 
corresponding to r, with the line of abscissas, and erecting perpendiculai 
to the intersection with the are. The distances, Iz, are selected so as 1 
give even intervals of ‘the load, pz, with tan 7 = 1. In this manner, 
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in which Das is the load, in tons per square foot. For small values of the 
loads the intersection was determined analytically from the expression, 


: [ee : : 
0s A = 1 = in which A is the angle between r and the reference line. 


r 
Ih order to compute the pressure, pz, the loaded area is placed on the 
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chart (Fig. 8) so that Line A-a, Fig. 7, coincides with the reference 
‘line of the chart, and Point O is located by the co-ordinates, x and y. Then, 
“positive pressures are read along the arcs intercepted by the periphery of 


_the loaded area. In order to read negative pressures, the footing is 
rotated 180° about the reference line of the chart, and pressures are read 
“again. These pressures must then be multiplied by tan 7 in order to 
‘obtain true values of pzs 

_ For example, consider a rectangular footing 7 ft by 10 ft in area. 
“The uniform pressure is 2.5 tons per sq ft; tan « = 0.15; and the line 
of zero bending stress is inclined to the axis of symmetry of the footing 
at an angle, B = 20 degrees. It is required to find the pressures, pz, at 
a point, A, with the co-ordinates, 7 = — 10 ft and y = — 5 ft in the 
co-ordinate system, EY OuY (Hig 2): 

The intensity of the uniform pressure at Point A is: p = 2.5 X 0.15 
3a & — 1.75 tons per sq ft; the total pressure at Point A due to this 
h the aid of Fig. 3; and, the angle of 
footing to the base line 
Consequently, by Equa- 


“uniform pressure is obtained wit 
“inclination of the axis of symmetry of the 
of the chart, @ + 5 equals 20 + 27 = 47 degrees. 


| 


q | 
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tion (6), per = 1.75 (0.0015 + 0.0025 + 0.0028 + 0.0030 + 0.0029 + 0.0027! 
+ 0.0024 + 0.0022 + 0.0012 + 0.0006 + 0.0003) + (0.0033 + 0.0045: 
+ 0.0048 + 0.0047 + 0.0044 + 0.0041 + 0.0033 + 0.0016 + 0.0008: 
+ 0.0004 + 0.0001) = 1.75 x 0.0541 = 0.0946 ton per sq ft. 

The compressed part of the footing is shown in Fig. 8 in full lines; 
and the tension part is shown in dotted lines. The angle of inclinations 
of the axis of symmetry with the base line of the chart is B = 20( 
degrees. The pressure due to non-uniform stresses will be, similarly tox 
Pet Per = 0.15 (0.0040 — 0.0010) + (0.0100 — 0.0002) + 0.0160 + 0.0205% 
+ 0.0230 + 0.0250 + 0.0250 + (0.0250 — 0.0002) + (0.0230 — 0.0015)} 
+ (0.0145 — 0.0029) + (0.0095 — 0.0042) + (0.0066 — 0.0050) — 0.00011 
— 0.0001 — 0.0004 — 0.0005 = 0.15 (0.1741 — 0.0011) = 0.0260 ton: 
per sq ft. The total pressure will be: pz = pu + pee = 0.0946 + 0.02606 
= 0.1206 ton per sq ft. If only a uniform pressure of 2.5 tons per sq ft! 
were considered, the pressure at Point A would be: pz = pa = 2.5 X 0.05411 
= 0.1850 ton per sq ft. 

This method may be applied to the computation of pressures caused by; 
continuous non-uniform loadings, such as earth-fill or rock-fill dams, gravity; 
dams, ete. The principle of graphical computation of pressure proposed! 
by the author is practical and labor-saving. ‘ 


GrorGE Paaswetu,” M. Am. Soc. C. E. (by letter).°°—The recognized! 
importance of determining pressures and their manner of distribution: 
beneath foundations makes it necessary that the formulas covering the: 
determination of such distributions be of ready application. Mr. Burmister’s: 
paper is “a step in the right direction.” It is realized that the exact! 
determination of the distribution is not necessary; as a matter of fact, 
present knowledge as to the nature of foundation materials does not yet | 
permit making precise determinations. 4 

The pressure distribution may be given by a simple wet a | 
accurate formula, 


in which & is the ratio of the vertical pressure intensity at a given point 
to the total applied surface load, and r is the radius of the circle along 
which the pressure intensity bears the constant ratio, k, to the total 
surface load. A family of spherical surfaces is given by Equation: (8), 
all tangent at the point of loading. Fig. 9 gives the comparison of suc 
loci, Fig. 9(a) being plotted by the Boussinesq equation, and Fig. 9 io) 
by Equation (8). 

The question of the partition of a concentrated load into sufficientifl 
small areas to give correct distribution becomes important at points 


close to the load. Professor A. E. H. Love has given a solution™ for th 
(oF semicar & os, 12° Desai es, YSPC 
1° Spencer & Ross, Inc., Detroit, Mich. 
10a Received by the Secretary March 15, 1937. 


4 Philosophical Transactions Royal Soc., Series A, 1929. 
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= distribution of pressures beneath a rectangle, Fig. 10. The vertical intensity 
~ of pressure at i i ; 
oF Dp t a point, xv, y, 2, with respect to the center of the rectangle 


as the origin is, 
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‘Fig. 9.—Loct or CONSTANT VERTICAL PRESSURE Fig. 10.—DISTRIBUTION OF VERTICAL 
INTENSITIES. PRESSURES UNDER UNIFORMLY 
LOADED RECTANGLE. 
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“in which p is the surface load per unit of area. The other terms are as 
- follows (a negative value of V denotes a compressive stress) : 


Spe (DEG, BR hy bd) RAN I ae (10a) 
B=(a—az) yt @t+24et+0—-yatOtrys ee (106) 
Hg Cine 2 ea LTC RR Ne ul 
cos gd; rade : (11a) 
don hi sea ARNON EME MM REA aR SE TR TF (11b) 
k, kg 
AO op cee) ORR RR oh ee ae (110) 
ke ks 
cos dy = GPG tale a a Sans (11d) 
Keay 
ed (aod) ie oa OT oe (12a) 
Be ee ih eal oh OL en ent inie acerca (12b) 


Ketg = (GABA cree ev el ewenen dee ecnes (12c) 


1002 PAASWELL ON PRESSURES BENEATH FOUNDATIONS Discussions 


ty (0 se gy oF a od eel ee ee (12d) 
See (Or a SS eee (13a) 
K k?, ( a, : d, 
Spee] Oey itr) Syn OS (136) 
aa: ( be a Cs 
—— 3 (: as 1+) ee ie PS ce ec Ac (138c) 
k’, ay be 
ae CH " sts) Tht ae (13a) 
ia ed: é, 


The angles are given in circular measure and may vary from 0 to 7. 
Tf the fractions are negative (that is, « or y greater than a or b), take 
the value of the cosine corresponding to the positive value of the fraction 
and subtract the angle thus found from xz. Symbols a, bs, cs, ‘and d, denote 
the distances from the point to the four corners of the rectangle (see Fig. 
10). Equations (9) to (13) fair for points directly under the edges of the 
rectangle. For such points select points just outside the projections of 
the rectangle. 

It may be interesting to observe how many subdivisions are required, 
using the Boussinesq formula, to approximate the values as obtained from: 
Equation (9). Select a series of points directly below the center of 
the rectangle, x = y = 0, and assume that a = 5; b = 8; andp = 1. The 
area of the rectangle is 60 units, and the total load, P, in the Boussinesq 
formula, is 60. 


TABLE 5.—Comparison oF VERTICAL PRESSURE INTENSITIES 


BovssinresqQ 
Values of z Love a oN eee 
One subdivision | Four subdivisions |Eight subdivisions 
Deh sibs artiae etek me eb 0.98 28.6 0.01 0.29 
CBee aac Motu tea cca 0.91 7.2 0.42 0.73 
BNE CC OW) Sg 0.79 3.2 0.61 0.78 
Wo S ea ah, abate cree cinta 0.66 1.8 0.62 0.68 
Soa he waa woke 0.54 1.1 0.60 0.56 
LOR e clakemeceee 0.23 0.3 0.23 0.23 
20) ene eto RT, vata ws stactiaie « 0.06 0.07 0.07 0.07 


*~ 


Table 5 shows the vertical intensity of the pressure at depths from 
1 to 20 as given by Love and by Boussinesq when the rectangle is sub- 
divided into one, four, and eight parts It indicates that a ‘Single con- — 
centration may be assumed for the rectangular distribution when the 
point in question is at least 10 ft below the surface. 

The writer feels that the method of plane sections‘ as covered in the 


ooo Ee ee 
‘Progress Rept., Special Committee on Earths a i 
BécliC. Me May, 163, Se 2 s and Foundations, Proceedings, Am. 
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- report of the Committee on Earths and Foundations, is an extremely 
= useful one in considering the effect of a group of pier loads on the deeper 
_ strata. A uniform distribution of load may be taken as the equivalent 
- of the various piers and the simple formulas given in the report may 
_ be used to determine the vertical loadings at the depths required. The 
_ prediction of settlement from an analysis made in this manner will be 
- exact enough in every sense, to make a complete study of the foundation 
_ problem. 


Jacop Fretp,? M. Am. Soc. ©. E. (by letter).“"—The graphical interpre- 
tation, by Professor Burmister, of the integration of pressure distribu- 
tions over volumes below the loaded areas is a time-saving tool, which does 
“not reduce the accuracy of the method: However, it is important that 
one who uses it knows the limitations of the theory and does not expect 
a result more accurate than can be expected from a tedious analytical 
— computation based on that theory. 
Very properly, the author distinguishes between the problems of “dis- 
turbed zone” and deeper layers as an explanation of settlements. The 
_ Boussinesq formula, with or without modifications, is only applicable in iso- 
- tropic bodies. The soils in a “disturbed zone” directly below a foundation 
are not isotropic. The soils in deeper layers, under initial compression 
(before the additional loading) are often under such low stresses, that iso- 
tropy is closely simulated. Hence, the formula and the author’s method 
are not applicable to the determination of settlements in the “disturbed 
zone,” but can be used for such determinations at greater depths. 

The careful reader will notice that the theoretical load distribution 
is not dependent upon the soil characteristics. This is neither logical nor 
true. Under low stresses, the error introduced by the assumption that all 
soils are equal, is so quantitatively small, because the numerical values 
are small, that it can be disregarded. 

Especially in the “disturbed zone” any theory that is based on the 
assumption that, under equal loading the same distribution will result in 
mud and in rock, must require modification. 

Referring to the numerical example, especially Table 4, and from a 
general study of the problem of settlements under foundations, one is 
quite safe in drawing the following conclusions: 


f (a) At depths of 20 ft, or more, the assumption of a single point load- 
2 ing for the usual column footings gives pressure distributions (computed 
either numerically or graphically) which are as accurate as the com- 
iz puted loadings on such footings. 

. (b) At lesser depths, if the soil is of such nature that isotropic behavior 
cannot be expected, settlements will oceur which cannot be permitted. In 
this case, loads are transmitted to lower and better layers of soil, by 


means of piles or caissons. 


22 Cons. Engr., New York, N. Ne 
12a Received by the Secretary April 15, 1937. 
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(c)* At lesser depths, if the soil is of such nature that isotropic behavior 
can be expected, settlements are so small that there is no problem. 


In all these studies for the estimation of expected settlements, in addi- 
tion to the nature of the soil, the designer often disregards the effect of the 
shape of the footings and edge resistance, as well as relative settlements 
of unequal areas loaded with the same load per unit area. These effects 
are most important in soils that cannot be assumed to fall in the isotropic 
group. 
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By MEssrs. JAMES R. GRIFFITH, AND CAMILLO WEISS 


James R. Grirrira,” M. Am. Soo. CO. E. (by letter).“*—A valuable con- 
tribution to the subject of unloaded models is contained in this paper. The 
principles involved in the determination of influence lines by unit displace- 
ments of a model have been somewhat difficult for some engineers to accept. 
This is particularly true of the influence lines for moment. The mathe- 
- matical proof in Appendices I and II alone is worthy of consideration. As 
a mathematical means of computing the numerical value of moment, shear, 
or thrust at any section of a structure independent of values obtained at 
any other section, the method is of additional note. When the loads are 
_ few and stationary, such a mathematical solution might be more economical 
- in some cases than a solution by model. 

In the design of the catenary structures for the terminal electrification 
E of the Illinois Central System, at Chicago, IIll., the writer was one of 
the first users of the unloaded model. Since that time he has never lost 
his enthusiasm for the method. As a means of helping students to visualize 
the action of an indeterminate structure, the method is far superior to any 
4 other known to the writer. It has had one serious objection, however, in 
4 that the cost of commercial sets for utilizing such models has been pro- 
_hibitive for the average individual and the smaller offices. The writer has 
long experimented with various materials and equipment, with cost and 
availability as the principal objectives. 

| Anders Bull, M. Am. Soc. OC. E., made a real contribution when he 
~ described the use of both loaded and unloaded models fabricated of “brass 
drill rod he writer has been unable as yet to locate any local supply 
Bronze welding rod, of the various materials tried, has 
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of this material. 
=i totts , Esq., was published in January, 1937, Proceed- 

Meee piscaasioa oe ihe paper eee aauented in Proceedings, as follows: March, 1937, by 

_ Messrs. L. J. Mensch, and Frederick Shapiro. 

2 Prof. of Structural Eng., Oregon State Agri. Coll., Corvallis, Ore. 

2% Received by the Secretary March 1, 1937. 

% Hngineering News-Record, December 8, 1927, p. 920. 
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thus far best fulfilled the qualifications. It is available in almost every shop 
equipped to do gas-welding, and the cost is scarcely worth mentioning. 
Seraps of tin, push pins, and a welding iron are the only other equipment 
needed. 
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Fig. 20 shows a series of influence lines constructed by welding wire for 
the beam of constant section shown. The shear clamp is the develop-- 
ment suggested by Ray de Lancey, Jun. Am. Soc. OC. E. It is adjustable: 
within a reasonable range of accuracy and is fabricated entirely of tin. The: 
necessary rotation for moment at interior sections is obtained by a tin. 
clamp as shown, which, as in the case of the sheer clamp, can be removed 
quickly from the wire. Since it was found impossible to fabricate the 
moment clamps to a predetermined angle within the required accuracy, it 
was necessary to calibrate them after fabrication. 

Theoretically, as the author indicates, the deformation of a model must 
be very small to avoid error. Practically, even with relatively large deforma- 
tions, the writer feels that results are obtained well within the limits 
warranted by the present knowledge of reactions, elastic Properties of the 
finished structure, and rigidity of connections. 


Camitto Weiss,” M. Am. Soc. ©. E. (by letter).**—Apart from its 
usefulness, this is an extremely interesting and stimulating paper. By 


a a a a eS eae 
m BA tag Engr., Eng. Dept., Fabricated Steel Constr., Bethlehem Steel Co., Bethle- 

em, Pa. 
*a Received by the Secretary March 24, 1937. 
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Virtue of Appendices I and II, this method may be considered as an 
“ingenious combination of Maxwell’s theorem with the slope deflection 
_ theory, and it may be permissible to compare it with the latter. Such a 
Za comparison is also helpful in appraising the merits of the proposed method 
and to show under what circumstances it is particularly useful. 

a The author was wise in selecting simple problems to illustrate his 
method; but because he did so he has not really done his method full 
justice. Furthermore, the method has certain drawbacks which are not 
apparent in simple problems. 

= In Conclusion (3) the author states: “The stress at any section may 
be computed independently without knowing the moment, shear, etc., at 
Zz any other section.” This is indeed a great advantage. On the other hand, 
f the word, “may”, in this Conclusion could be written “must; and this 
- fact may be a disadvantage at times. 

- In general, the proposed method will prove most valuable when the 
loads are movable; when stresses are wanted at only a few points; and 
_ when the number of loaded members is comparatively small. -For example, 
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; in Fig. 21(a) all joints are assumed to be free to rotate but are fixed 
against translation. Suppose that only the moment, Mas, at End A of 
e: Member AB, is desired. To obtain the answer by the siope ier = 
_ method, twelve unknown slopes and forty-two unknown moments must 


me: 
5 

- 
4 
“4 
y 
" 

e 
“a 


4 


} j 
; 


1008 WEISS ON STRUCTURAL ANALYSIS BASED ON UNLOADED MODELS Discussions | 
be introduced and twelve simultaneous equations must be solved. To) 
obtain the answer by the proposed method, two unknown tangential inter-: 
cepts and the ordinate of one influence line are the only variables. These » 
three unknown quantities are obtainable from three equations, two of! 
them independent of each other. If Load P is moving along Member: 
AB, one new ordinate of the influence line is all that is required for: 
each position. 

The slope deflection method would necessitate bss a set of twelve: 
simultaneous equations for each position of the load. Therefore, this; 
problem is obviously one for which the proposed method may well be: 
considered superior. 

Fig. 21(b) represents the same frame, except that in this case every) 
panel is loaded and the moments at the end of every member (forty-two) 
moments in all) are wanted. To obtain the answer by the slope deflee-- 
tion method again involves fifty-four unknowns and requires the solution) 
of twelve simultaneous equations. To obtain the answer by the proposed! 
method eighteen tangential intercepts and nine ordinates of influence: 
lines (twenty-seven variables), are required for each moment; a total, there-- 
fore, of 27 x 42 = 1134 unknown quantities must be computed. It is: 
true, these unknowns are largely independent of each other. In this case, . 
the choice of method will be primarily a matter of individual preference. | 

The foregoing comparison is admittedly crude. It implies at least two | 
tacit assumptions, both erring probably in favor of the proposed method. . 
The first assumption is that the work of computing the constants is: 
about the same for the two methods. The second assumption is that only; 
one ordinate is wanted for each influence line; or, in other words, each: 
influence: line is considered as only one unknown quantity. The example: 
herein presented has not been selected as typical, but is presented in order! 
to reveal the characteristics of the two methods. ; P 

The author should be commended -for having expressed, in simple terms, 
the mutual relations existing between the coefficients of stiffness; for hay- 
ing separated the functions that are inherent in the frame from those: 
governed by the load; and for having expressed these functions, too, in: 
simple form. 

The expression for the ordinate of the influence line admits of a: 
simple graphical solution when f and f are known. Referring to 
Fig. 22(a): 
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Substituting Equations 61(a) and 61(b) in Equation 61(c), the result 


is expressed by the author as Equation (18). 


To construct any point on 


the curve of this formula, lay off (a — f) above End B, Fig. 22(a), and 


(a’ — f’) above End A. The closing line intersects the vertical, Y, at 


Point C. Projecting Point C horizontally to Point C’, Line ©’ B inter- 
sects the vertical through Point Y at Point D. Projecting D to D’, Line 
D’A intercepts the required ordinate, N, on the vertical, Y. Proof of 


the construction can be obtained from the similarity of triangles. 


In this 


manner, Curve WN of Fig. 22(b) can be constructed. The remainder of the 
construction of the influence line in Fig. 22(b) is self-explanatory. 


Similar construction will furnish 


the ordinates of the elastic curve, 


Equation (5), if the intercept f, is 
Pandey, 


_ proper consideration is given to 


_ fundamental 
- gented in Appendix II, is an essen- 


tions, 
- numerical quantities. As in arith- 


— a minus 
Fig. 23(a) represents a restrained 


_ traclockwise 


a the signs of f and f’. 


Appendix I]—Referring to 


- Appendix II, Equations (80) are 
- stated to be the formulas used in 
' the slope deflection method, but 
- “the system of signs is different 
from that generally used.” 
_ signs are not in agreement with 
the “Notation”, nor is it stated, 
- what convention has been adopted. 


The 


The enlightening derivation of the 
formulas, as pre- 


tial part of the paper and the 


absence of a sign convention may 


be somewhat confusing. Perhaps 


the following comments will be of 


service. 
Assume that all slopes, deflec- 
and moments are absolute 


metic, a plus sign means “add” and 
sign means “subtract.” 


but unloaded member, AB. Sup- 
pose, it is desired to produce a con- 
restraining moment, 
Mus, at End A. Apart from tem- 
perature stresses, this can be done 


jn any of four (and only four) 
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different ways illustrated in Figs. 23(b), 23(c), 23(d), and 23(e), and in any 
combination of these four ways. 
A contraclockwise restraining moment at A can be obtained by: 


(a) Rotating End A counterclockwise through an angle, 64, aS in 
Fig. 23(b). Quantitatively, this moment is: 


AF jcfes sais Sige i eed ee ee (62a) 


(b) Rotating End B counterclockwise ‘through an angle, 45, as in 
Fig. 23(c). Quantitatively, this moment is: 


_ (c) Displacing Points A and B with respect to each other so that Point 
B seems to move in a clockwise direction around Point A. Referring to 
Fig. 23(d), it is immaterial whether Point B was moved down or Point 


A was moved up, or both points were moved. Quantitatively, this moment 
is: 


(d) Placing transverse loads on Member AB, so that the moment of — 
their resultant will tend to turn in a clockwise direction about Point A, 
as in Fig. 23(e). The condition illustrated in Fig. 23(e) is termed a 
“beam fixed at both ends.” If Cy; is the end moment at A for the given 
load, then the restraining moment is numerically equal to this end 
moment, or, : 


Map = Cap a) uore 60 wtelelshe.chelels cuenta aah hone (62d) 
Equations (62a) to (62c) can be derived from two well-known proper- 
ties of the = -diagram; that is, the principles that the area between two 


points equals the angle, 6, between the tangents at these points and that 
the statical moment of this area equals the corresponding tangential 
deviation. By the law of superposition these four methods of creating 


a contraclockwise resisting moment at A are additive, therefore, if all four 
conditions are present, the total is: 


Map = M'ap+ Map + M43 + Map... 


Substituting from Equations (62) and writing K for J and R for @ 


Maz = 2 E Ki(2\6,-+ @s.-t33'R) oh Ca (64) 
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Obviously, if any of the four methods of inducing a contraclockwise 
restraining moment at A acts in a direction opposite to the direction shown 
in Figs. 23(b) to 23(e), the corresponding moment must be subtracted instead 
‘of being added. For instance, if End B ‘is rotated clockwise, instead of 
- contraclockwise, and if there are no transverse loads: 


Mas=2EK (2 04 — 68+ 8 R) ol wie '0' «: euuiiel els. «) «oiler iene te (65) 


Equation (65) corresponds to the condition shown in Fig. 12, as expressed 
by Equation (80a), and indicates that the foregoing method of treating 
slopes and deflections as purely numerical quantities, is apparently the 
convention adopted in Appendix II. This convention is well suited 
to the author’s proposed method, when deformations of known direction 
are applied. 

Tt might be mentioned that this convention, although admirably 
adapted to the purposes of the author, is not convenient when the slopes 
and deflections are unknown in direction. This is why, in the slope deflec- 
tion method, it is usual to assume that all rotations and deflections are 
jn the same direction (clockwise), and only the known constant, Cus, 
is treated as an absolute numerical quantity. When, after computation, cer- 
tain slopes and deflections are found to be negative quantities, it means that 
their directions are in reality opposite to the direction assumed. 

In effect, Equation (64) is the slope deflection equation, without the use of 
a sign convention. Introducing the convention that clockwise rotation is to 
be indicated by a “plus” sign, and contraclockwise rotation by a “minus” 
sign, and referring again to Figs. 23(b) to 23(e): 


— Msp =—4HEKO av ei'e ia otieubi’s jakei's ‘ehelle) «) sielesneme (66a) 
— M"sxp=—2£EK 43 «alate Stave fe'le: 8 TM el aie se) sWonsine (66b) 
— MM" j;,S2 +6 KR oe 0s hel sieheyslel slieielaienetars (66c) 
and, 
ee = Map — + Cap pial’ s io © feialiadia, 10116 YeU¥).e) elleikel el avi (66d) 
Be 
3 u" mr wer F 
‘ Adding Equations (66), — Mas = — Min — M's — Map MOGs; 
me — Msp =—2EK (2 04 + Op —3 FR) + Caz; oF, 
Map =2EK (2 04+ 03 —3R) — Caz oie) 0! am ole aren evans (67) 


which is the conventional form of the slope deflection equation. 
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The following corrections will be made before the paper is printed in 


Transactions: On page 16 January, 1937, Proceedings, definition for WN, 
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a e 


noua CNouation (21)” to read “Equation C18) 2740 in aLane 2, petow Fig. d 
change “S’ = 0.75k” to read “S’, = 0.75k”; in Equation (16a), chan; 
“yy ” to “Sy”; in Equation (16b) change “8S” to “S,”; in Fig. 5(a), 


length, A #, is a, not a’; in Line 6 below Fig. 16, write: “Since a5 


yay 

Opa ind 
{ 

Gon 95° ( — ms ) ky = Si;and ma \ ik, = Se :??; in Equation 

age 2 AY oy 


(87a) write “S’,” for “Sy”; and in Equation (37b), write: “,.” instead of 
Bae? { , oa | 
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DISCUSSIONS 


STRESSES AROUND CIRCULAR HOLES 
IN DAMS AND BUTTRESSES 


Discussion 


BY C, P. VETTER, M. AM..Soc. GC. E. 


CO. P. Verrer,” M. Am. Soc. C. E. (by letter).““—The analysis of stresses 
around a circular gallery in a dam, presented in this paper, follows a method 
of approach somewhat different from that of previous investigations of the 
same subject. Such further investigations are of considerable interest since 
they tend to clarify the problem in the minds of students and designers. 
The main value, however, lies in comparing results with that of previous 
work, in emphasizing differences and similarities, in indicating improve- 


~ ment, if any, and in comparing the differences in numerical values obtained 


by the different methods Any such comparison necessitates giving refer- 
ences to previous work, and such references are often the most valuable 
part of investigations of this nature. The author has given few such 
references and has made no such comparisons. The subject has been dealt 
with in detail by Mr. J. H. A. Brahtz,” and it is, therefore, worth investi- 
gating to what extent Mr. Silverman has added to present knowledge of the 


_ subject. 


The paper (see Fig. 1) traces the stresses in a section through a circular 


hole in a bar subject to uniform tension and refers to the work of Profes- 


sor S. Timoshenko.* In the same book Professor Timoshenko gives” the 
n for stresses at any point of the bar outside the circular 
his well-known Kirsch solution.” 


Jun, Am. Soc. C, E., was published in November, 


1 Proceedings. Discussion on this paper has appeared in Proceedings, as follows: 
Debeiary, 1937, oy Messrs. R. D. Mindlin, and Chesley J. Posey; and April, 1937, by Messrs. 


J. H. A. Brahtz, V. L. Fedorov, and F. W. Hanna. 

#” Bner., U. S. Bureau of Reclamation, Denver, Colo. 

2a Received by the Secretary, March 29, 1937. 

8316S inforced Steel Around Circular Openings in Concrete Dams,” etce., 
ee Ge otondum No. 457, U. S. Bureau of Reclamation, and other memoranda of 
that Bureau. 

4“Theory of Hlasticity,” by S. Timoshenko, p. 78. 

%4 Loc. cit., p. TT. 

3 Zeitschrift, V. D. I., Vol. 42, 1898. 


Norr.—The paper by I. K. Silverman, 


1014 VETTER ON STRESSES IN CIRCULAR HOLES IN DAMS Discussions 


In the author’s notation: 


w= (i — *) +2 (1 +5t_ 4%) cos26 ....(104a) 


2 p 2 p p 
89 == 22 (1 *) pet ( + a) 008-20 cae sae (1046) 
p 2 p 
and, 
2 
s, = — 5 1 — St 4 27) inne bear Bear (104c) 
9 p! p° 


The tension, sz, in the bar is herein assumed as acting along the X-axis — 


and @ is assumed as positive in the usual way from the X-axis toward the 


Y-axis. If, in addition, the bar is subjected to a tension, sy, along the Y-axis, - 


the total stress in any point may be obtained by substituting 6 + = for 6 
in Equations (104) and adding; thus: 


Pie ghettdly fate oth py beret 8, 41h) oo59 6 (105a) 
pP 2 4 2 cia 
2 p 2 p p 


2 
ua ee (1 +2) _aaa(s 4+ 3%») 0526 ....(1058) 
2 p° 2 - 


and, 
es 4 2 
So ee ee a (105c) 
) p! p? 
This solution has previously been given by Mr. Brahtz. 


If the co-ordinate axes are chosen along the lines of principal stresses, © 


s, and s, at the location of the center of the hole, Equations (105) will give 
the stresses at any point around the hole. Along the periphery (p = ra), 
for example: 


80'S) AV). ER ee (106a) 
So = 8, + s,— 2 (8, — 8,).cos 2.0, ........-cn 0s on (1065) 

and, 
8-0" oto, ae ee ee (106c) 


in which @, now is measured from s, The symbols, s, and se, denote the 
principal stresses in a solid dam at a point corresponding to the center of | 


the hole in the structure under consideration. The assumptions on which 4 
Equations (105) and (106) are based are obviously that the hole is very 


. 


small, as compared with the other dimensions, and is sufficiently far removed — : 


from the boundaries of the dam. 


The author seems to have avoided the necessity for the former ane 


tion and his Equations (42) to (46), inclusive, apparently only assume that — 


: 


4 


4 
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_ the hole is far away from the boundaries of the dam, but not necessarily 
_ that it is very small. However, in order to bring his equations to a form 
_ which may be of practical use, the author assumes (see following Table 2) 


2 that q = “% — 0. It should be noted that in the main body of his paper, 
To 


_ Mr. Silverman does not state that this assumption lies at the foundation of 


Equations (15) to (17), inclusive. The assumption that “ = 0 obviously 
To 

puts the author’s equations on par with Equations (105) and (106), 
_ obtained from Kirsch’s solution, in that they are all based on the same 
- assumptions. Any discussion of the effect of mass, aside from the effect on 
_ the principal stresses in the dam, would appear to be a wasted effort since the 
weight of the concrete in the very small hole cannot possibly affect the stresses 
_to any marked degree. 

; That the author has gained very little may, perhaps, best be shown 
__ by comparing the numerical values obtained by him with those obtained by 
g using Equations (106). At the point on a solid buttress corresponding to 
the center of the hole in the author’s example, the principal stresses are 
easily obtained® from Equations (8) and (22): 


Sy tO; 042.6. ii hitetee ae: ars ceisiate o viaeete (107a) 
and, 
Semis OT O4CL OLR] 6 oa ke ae kao tear, eee (1070) 
The angle of the maximum principal stress with the author’s Y-axis is: 
- ¢€= — 7° 88’; hence; 6. = 6 —e = 0 + T° 38’. From Equations (106) the 
wee 
— 
e TABLE 3.—Comparative VALUES OpTAINED FROM Egquations (106) 
a (In all cases, values to be multiplied by ph) 
F 8 i a 8 riaaen by Eamatl 
e ti | ry author y Equations 
e by author by ae ee 
“oF a } Pe ee 
; = —1.6453 180° —1.5877 —1.6453 
2 30° —9'8004 —0.8059 210° —0.7976 —0.8059 
A 60° +0.3583 +0.3340 240° +0.2937 +0.3340 
E 82°22’ +0.6753 +0.6762* 262°22" +0.6567 +0.6762* 
< 90° +0.6200 +0.6345 270° +0.6300 +0.6345 
ee 120° —0.2438 —0.2049 300° —0.1696 —0.2049 
+ 150° —1.3282 —1.3448 330° —1.3451 —1.3448 
‘a 172°22' —1.6319 —1.6870t 352°22' —1.7221 —1.6870t 
4 * Maximum. 7 Minimum. 
a 
mA 


values given in Table 3 are then obtained and compared with author’s values. 
Tt will be noted that by the use of the author’s extremely unwieldy equations, 
numerical values are obtained which differ only little from those obtained 
from Equations (106), and the writer is inclined to believe that the latter 
are just as “exact” as the formulas given by Mr. Silverman; they cer- 
tainly are “exact enough” and very much simpler. e* 


eS he 5 SE 
. 36 See, also, Transactions, Am. Soc. C. ., Vol. 101 (1936), Equations (17) and (21), 
pp. 1247-1248. 
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FLOW CHARACTERISTICS IN ELBOW 
DRAFT-TUBES'’ 


Discussion - 
By JEROME FEE, Assoc. M. AM. Soc. C. E. 


JeRoME Fern,” Assoc. M. Am. Soo. OC. E. (by letter).“*—This important 
paper is distinguished by the experimental technique displayed and the 
excellent form in which the results are presented. Apart from the special 
field of draft-tube design, the study is one of great interest in connection 
with general problems of hydraulics. 

The author refers to spiral flow as an important factor. Because of — 
its significance in these experiments and its bearing on diverse subjects, 
the writer is prompted to discuss at some length the author’s “Theory 
of Induced Spirals in Pipe Bends.” Despite the fact that many attempts — 
have been made to explain the phenomena of spiral flow, the writer feels — 
that, even now, a complete and satisfactory analysis is lacking. The 
purpose of this discussion is not to propose a new explanation, but to call 
attention to imperfections in the theories which have been advanced 
from the time of James Thomson (21),° in 1876, to Albert Einstein,” in ‘ 
1933, or L. Prandtl, in 1935. It is astonishing how frequently this sub- 
ject has been referred to in scientific literature and how many outstanding — 
men of science have given it their attention. ; 

There is a close similarity between Thomson’s solution and that of — 
Einstein. The author’s theory seems to be based on the same general — 
ideas, but the relationship is not so apparent. 

Referring to flow in river channels, Thomson writes (21)*: 

“But the layer of water along the bottom, being by friction much 
retarded, has much less centrifugal force in any bar of its particles extend- 


ing across the river; and consequently it will flow sidewise along the 
bottom towards the inner bank, and will, part of it at least, rise up * * *.” 


Oy Pome 


Notr.—The paper by C. A. Mockmore, M. Am. Soc. C. H., was published in February 
1937, Proceedings. Discussion on the paper has appeared in Proceedin : il; 
1937, by F. T. Mavis, M. Am. Soc. C. B. fe! 08, Fern e 

w Hydr. Engr. Designer, San Francisco Water Dept., San Francisco, Calif. 

1a Received by the Secretary March 15, 1987. 

’ Numerals in parenthesis refer to corresponding number 
Proceedings, Am. Soc. C, E., February, 1937. p. 283. in Apbentts Tore wie 

20“The World as I See It’, p. 111. 


% “Aerodynamic Theory’’, Vol. III, p. 
Editor in Chief). y » p. 161 (Guggenheim Fund Series, W. F. Durand. 


. 
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Einstein describes the circulating motion of water stirred in a cup, 
and sukewise finds that the velocity near the bottom and, hence, the 
centrifugal force, is reduced, from which he concludes that a circulatory 
“motion will occur in radial planes, that is, normal to the general whirl- 
ng of the water. The writer wishes to take no undue liberties and would 
refer to give Professor Hinstein’s exact words, but is restrained by the 
ormidable phrasing of the copyright clause. It should be mentioned that 
instein was writing for non-technical readers. 

It can scarcely be conceived that a reduction in centrifugal force, by 
tself, will cause a particle to move radially inward toward the center 
“of a curved path. That would be equivalent to saying, “because of a reduc- 
jon in the force of gravity the particle started to rise.” Nevertheless, 
_this method of explaining spiral flow is quite common. To cite one addi- 
‘tional example, Richard Hein” writes: 


ana 


i 
+ 


1 


= 


_ “The layers of water adjacent to the upper and lower sides [actually 
he top cover and bottom of a closed vortex chamber] experience a break- 
‘ing effect due to the skin friction, and the resulting reduction in centrifugal 
force causes flow towards the center of the vortex.” 


Directing attention next to the explanation given by the author in the 
paragraphs following Equation (5) where he states that “the pressure 
at Point d-will’ be less than at Point b,” this opinion appears to be 
“based on the inference that, because of the proximity of the channel 
walls, the velocity is reduced; consequently, the centrifugal force and, 
herefore, the pressure are reduced. The writer would expect a high, not 
a low, pressure at Point d in conformity with the usual rule that high 
“pressures go with low velocities. The validity of this rule is proved in 
an interesting manner by comparing Figs. 6 and 7. 

Of the various explanations of spiral flow which the writer has 
examined, that of L. Prandtl” seems the nearest approach to a correct 
solution. The writer regrets that certain of Prandtl’s references are not 
available, particularly those of which he writes: “The results of experi- 
“ments recently performed, or about to be performed, should, after some 
‘time, permit the definite quantitative determination of the magnitudes 
“involved. in the phenomena just described.” 

Prandtl finds that two distinct cases are involved. One, as the writer 
‘understands it, may be illustrated by considering the flow in a curved 
“open channel with frictionless sides, but a rough bottom. In this case, 
the pressure gradient at the bottom is determined by the pressure gradient 
pat the more freely flowing filaments immediately above. The differential 
“pressure on a bottom particle, not being opposed by as high a centrifugal 
force as for those above, causes the particle to more radially inward. 
In the other case, the curved open channel should be thought of as 
naving a frictionless bottom, but rough curved sides. Prandtl considers 


i a’? ichard Hein Transactions 
aah ieation of the Thoma Counter Flow Brake”, by R in, : 
I MtGietochaical Univ., Bulletin 3, pub. in 1935 by Am. Soc. of Mech. Engrs, 


28 “Aerodynamic Theory”, Vol. III, p. 161. 
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that the particles close to the convex wall, by having their velocity ' 
reduced, are subject to lower centrifugal forces than adjacent fila- - 
ments and tend to remain close to the wall. On the other hand, particles | 
at the concave wall, likewise subject to smaller centrifugal forces than, 
adjacent particles, will be pressed away from the wall by such faster ' 
moving particles. 

Prandtle expresses these ideas with such brevity that the writer feels | 
justified in giving his interpretation, for which he alone is responsible. , 
The writer may have misconstrued or misunderstood the matter, but he} 
is unable to see how spiral flow follows as a result, although the argu-. 
ment for the first case seems the more convincing of the two. 

The situation in regard to spiral flow seems to parallel a similar ' 
problem in aerodynamics where it is necessary in order to explain “lift? 
to refer to a “circulation” of air about an airplane. To account theoreti- : 
cally for this circulation has been a matter of great difficulty. In a perfect | 
fluid, circulation about an airplane wing would be impossible. In a. 
real, viscous fluid, to account for circulation by the simple statement that ; 
the velocity is reduced in the boundary region is quite inadequate. 

The writer is of the opinion that all attempts to explain the circulation 
of water flowing in bent pipes (which circulation, of course, is the. 
distinguishing component of spiral flow), without reference to vortex 
filaments and surfaces of discontinuity of flow, will ultimately be rejected. 
The use here of the word, “vortex,” has reference not to the entire 
phenomena of circulation, but to the localized vortices which sometimes 
determine the nature of the entire flow. 

One very interesting feature of the author’s study appears to have been . 
the formation of two distinct types of spiral flow. In one type the motion 
is in circular paths with the fastest moving particles, neglecting longi- 
tudinal flow, farthest from the center, or approximately so.. This is the | 
type of circulation, as the writer understands it, which Einstein and 
Thomson describe, and which may exist as one single circulation or two 
circulations combined, as shown in Fig. 1. On the other hand, such spiral 
flow as that illustrated in Bend No. 5, Fig. 9(b), of sufficient intensity to 
cause vibration, must be the better known “free vortex” flow in which 
the velocities increase, approaching the center. - ; 

To revert to the first-mentioned type, the writer has before him the 
typewritten notes recently used in a college class in hydrodynamics. A 
description of the flow in pipe bends states that “the circulation corre- 
sponds closely to that of the Rankine combined vortex, the tangential 
velocity component being greatest at a point between the center line and 
the pipe wall, and decreasing toward the center and wall.” This is the 
only specific reference the writer has seen to the distribution of velocities of 
circulation in pipe bends. It is clear that the distribution differs from 
that of the free vortex. : 

These lecture notes explain the circulation by stating that “since these 
centrifugal forces diminish as the velocity approaches zero, the pressure in 


May, 1987 EE ON FLOW CHARACTERISTICS IN ELBOW DRAFT-TUBES 1019 


the boundary region at the outside of the bend is less than that just within 
this boundary layer.” The writer believes that this is incorrect, as it 
z implies that pressure may manifest itself only as a consequence of 
- centrifugal force. 

— In connection with the author’s der anation of the equation for poten- 
tial flow, the equation of continuity expressing zero divergence should 
not be regarded as a specification for irrotational flow. 

Z No one interested in the subject of hydraulics can fail to appreciate the 
cs remarkable value, from both the theoretical and practical standpoint, of 
S Professor Mockmore’s study. 
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ANNUAL REPORT OF THE BOARD OF DIRECTION 
FOR THE YEAR ENDING DECEMBER 31, 1936 


In compliance with the Constitution the Board of Direction presents its 
Report for the year ending December 31, 1936. 


THE EIGHTY-FOURTH YEAR 
Re-Employment 
Again, this year, re-employment is probably the most important item to 
be reviewed as affecting civil engineers, but it has not been a spectacular 
matter in any respect. Employment is more easily secured. Salaries are bet- 
ter and many of those who sought emergency Federal service during the depths 


~ of the depression have again found opportunities under private enterprise. Taken 
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all in all, however, it appears that the most definite feature of the past year has 
been steadier employment in contrast to the long periods of idleness of 
recent years; periods of discouragement and of diminishing resources. Per- 
haps employment is again somewhat stabilized: but if so, although higher 
than formerly, it is yet on a lower salary basis for many than in the days 
of 1929 and 1930. The trend, however, is evidently upward. One detail 
seems to be particularly significant. Membership in the Society is recog- 
nized as of material value in the securing and holding of positions. Whether 
it be that the Society’s reputation for high membership requirements is 
responsible or whether there is that intangible loyalty among Society mem- 


bers need not be determined at the moment. That Society membership is a 


definite asset is clearly demonstrated. 


Publicity 
A Director of Publicity has been added to the staff this year with defin- 
itely satisfactory results. Especially in connection with the four meetings, 
held in various parts of the country, intensified and directed publicity has 
been accorded in the press to the services that civil engineers perform and 
their value to the public. It is particularly to these objectives that releases 


have been prepared from time to time and that letters have been written to 


those in key positions in the editorial and news departments of the public 
press. It has been called to their attention that it is the civil engineer who 
designs those structures necessary to community life—bridges, tunnels, high- 
ways, canals, flood control, irrigation or power dams, sewers and water sup- 
plies—and that to him also public officials look for analyses of the economic 
worthiness of such projected improvements. Specifically, this past year, the 
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effort has been made to demonstrate the values of the civil engineer in the 
physical and economic features of civic improvements. Clippings for the 
year total 12890 column inches of press comments wherein reference is madd 
to the Society and its members as such. A manual of publicity techn*que has 
been prepared and issued to each of the Local Sections, and, here and there: 
members have been selected to develop publicity for the Local Sections anc 
their members in the places where they live and have their part in the 
_ development of community facilities. 


Eleven Technical * Divisions 
A new techneal activity has been initiated, or rather intensified, by the 
formation of a Technical Division termed the “Soil Mechanics and Founda: 
tions Division”. Authorized by the Board of Direction on receipt of a peti: 
tion at its July meeting, the scope of the new Division has been defined: 
its Executive Committee appointed, and sub-committees have been designatec 
to develop selected features of the problem. This will constitute the eleventh 
of these agencies whereby the Society directs investigation into the severa: 
technical interests of civil engineers. The new Division will hold sessions 
at the time of the Society’s meetings, solicit papers for presentation ana 
discussion, and set up committees to develop reports. Soil mechanics, as 1 
is to be studied through the medium of this new Division, is defined as “the 
adequacy of soil slopes, structures composed of soil, external loads on struc‘ 
tures supporting soil and soil foundations of structures’. Foundation engi’ 
neering is defined as “to include in addition to the soil mechanics feature: 
the methods and principles of design and construction of foundations oz 
structures”. 
Local. Section Conferences 


One problem to which attention has been directed intensively during the 
year is the question of whether or not there shall be adopted the policy o: 
allocating all members resident in the United States, and its possessions, td 
some one or other existing or to-be-formed Local Section. Opinions have 
differed Under financial conditions, which it seems must necessarily be 
imposed, some Local Sections indicate preference for the change. Other: 
do not. These conferences of Local Section representatives, one at the 
Spring Meeting at Hot Springs, Ark., another at the Annual Convention 
at Portland, Ore., and another at the Fall Meeting at Pittsburgh,-Pa., witl 
more than 130 members in attendance, have been devoted in large part t# 
an analysis and appraisal of the advantages or disadvantages which maz 
accrue. The basic principle back of the suggestion is the desire to mak: 
the Society more effectively valuable to its members wherever they may liv: 
and the belief that this can be done best through the medium of strengthenee 


Local Sections. 


Student Chapter Conferences : 


Three conferences of representatives from the Student Chapters hay} 
been held with astonishing attendance and interest. That held in J anuary 
‘at New York City, over-flowed the room assigned, over-flowed an adjacen 


4 
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_ room and the corridors, and, finally, was deferred until a larger room became 
_ available. This was immediately taken over and the meeting continued until 

- long after darkness. Similar conferences at the Hot Springs and the Pitts- 
Fs burgh meetings brought together students -from many Chapters situated 
_ miles apart. The excellence of the presentations made by the students on 
? the topics of the agenda was the outstanding characteristic of the confer- 
2 ences. For the students in attendance there must have been also the inspira- 
_ tion of participating with others in the Society’s affairs. 


Local Conferences 


s Spontaneous conferences of Local Sections, of Student Chapters, or of 

Sections and Chapters combined, in areas where distances were not too great 
Ls seem to have achieved great popularity in this past year. Twenty-seven such 
~ local conferences have been held, and at all some provision has been made 
for their continuance in years to come. 


Visits by Officers 


; That visits to Local Sections, Student Chapters, Conferences, and joint 
_ meetings have been more numerous this year than normally, was due in part to 
the particular efforts in this direction made by President Mead. He has 
_ devoted almost the entire year to the interests of the Society, traveling far 
and almost constantly. Covering other portions of the country, the Field 
Secretary has visited many places and represented the Society upon numer- 
ous occasions. Visits by Vice-Presidents and Directors to the gatherings 
of members within their respective Zones or Districts also have been fre- 
quent. Including those by certain staff members, the rather surprising 
total of 270 visits was made—practically the equivalent of one each week 
Bey of the year. 


+ Sa 


Membership 


- Membership in the Society is in a very satisfactory condition. At the 
Z close of the year it stood at 15101. This is about 250 less than the largest 
4 membership the Society has ever enjoyed and is slightly in excess of last 
year’s figure. Since 1930 the ability of members to pay dues has been affected 
D evercly by widespread unemployment among engineers. This has resulted 
Pin nearly stationary membership totals for the past six years. In this period 
4 ‘the first recession came since the Society was founded. 
a One of the reasons the membership has remained at these uniformly high 
_ figures during the past few years has been the policy of the Board of Direc- 
3 ‘tion to cancel dues, wholly or in part, for those loyal members who have 
tiribuied to the Society’s support for long periods, but who more recently 
have found themselves unable to continue this support. The liberal policy 
‘of the Board has aided many members to maintain continuous their mem- 
bership in the Society, who otherwise would have found it impossible to 
do go. This aid was extended to 2700 members in 1932 and to a decreasing 
“number during each succeeding year. The amount of dues thus remitted is 
in excess of $200 000 for the period of the depression and represents a total 
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of approximately 11 000 cancellations. As is to be expected, it was neces- 
sary to drop some members. Others have resigned, others have died, but appli- 
cations for membership have poured in during the year at an ever-increas- 
ing rate. The total for the year is well-toward that of the peak year of 1927, 
and there is every indication that 1937 will see a resumption of the hitherto 
persistent upward membership trend. 


Financial 
A more than 10% improvement in the payment of dues this year, as | 
compared with 1935, together with increased income from entrance fees and | 
from the advertising carried in Civil Engineering, has permitted an accele- . 
ration along practically every line of endeavor and permits an intensified | 
attitude toward further activity, in the year to come. The Society’s finan- . 
cial condition is strong. 


MEETINGS OF THE BOARD OF DIRECTION 
There have been five meetings of the Board of Direction during 1936: : 


January 13-14, 1986, New York, N. Y. 

January 16, 1936, New York, N. Y. 

April 20-21, 1936, Hot Springs, Ark. 

July 13-14, 1936, Portland, Ore. { 
October 11-18, 1986, Pittsburgh, Pa. 3 


There have been five meetings of the Executive Committee: ! 
January 16, 1936, New York, N. Y.- 
April 20, 1936, Hot Springs, Ark. 
July 12, 1986, Portland, Ore. 
October 11, 1936, Pittsburgh, Pa. ; 
December 14, 1936, New York, N. Y. 5 : 


MEMBERSHIP 


The changes in membership are shown in the following table: / 
 e..”0606O0—™°™DaLLS (i _(0( oo SSS 


Jan. 1, 1936 Jan. 1, 1937 LossEs ADDITIONS ToTaLs 
s * 
| 
2 a=] a a 7 
Boos ao de SE ee s| a] & 7 
S|2/2 3/2) 2 1elslslzial lala 
a) 9 | 3 218 |l#]e | el4lé@ 2 
3 8 e| 8a | e| ®& 3 
Honorary Members.} | 4] a si ool a rol 5 ill 9} 2 2) *51 Ol oo 
embers.......... 7 4 735] 5 644|| 5] 32] 1201 126/100] 6 . 
Associate Members..| 953] 5 163] 6 116|]| 925] 5 072] 5 997|| 100] 42] 407) 38 tia 300 a = i za 
Junions......-.. 620] 2 893] 3 122]{ 536] 2 822) 3 a4sil 1771 4sfs207] 7)" | 729]. 24l| 241 750 
Glisten, «ose -. 29] G4} all 2a] 58) 87] 3] of 3} ail als 
Vellows,..0ct. of Pals are fae abate all ob eg aie 0 
Total.......02. 2 457|12 612]15 069]]2 304] 12 707|15 101|| 282] 119] 820] 171|| 282\1 o17| a25|l1 goala aaa] 


*5 Members. 12 Menihers re itted by ballot. 
+ 100 Associate Members. adm 
£177 Juniors. J pi Aaociete Members re-admitted by ballot. 


§96 Juniors dropped on account of age limit. j 


February,1987 ANNUAL REPORT OF THE BOARD OF DIRECTION 5 


New Members and Net Increase 


The following table shows the new members and the net increase during the 


past ten years. The diagram on page 6 gives membership statistics for 
_ the same period: . 


1927 1928 1929 1930 1931 1982 1938 1934 19385 1936 


A New Members*.. 1139 1244 1066 1139 1055 753 534 757 993 1149 
Net Increase... . 755 820 508 574 531 57 46§ 291§ 159 132 


ee en ee ne et ee yn ge ee 
* Includes reinstatements. 
§ Decrease, 


pha 


Applications for Membership 


The total number of applications for membership was 1 588, of which 1 254 
were for admission, including 39 for re-admission, and 334 for transfer. 


ave 


The number of applications received during the past ten years follows: 


1927 1928 1929 1930 1931 1932 1933 1934 1935 1936" 


For admission..... 1 374 | 1 284 | 1 172 | 1 260 | 1 072 736 715 768 | 1 040 1 254 
For transfer....... 304 274 271 338 224 192 172 222 321 334 


E Dotal....5... 1 678 | 1 558 | 1 443 | 1 598 | 1 296 928 887 990 | 1 361 | 1 588 


EMPLOYMENT SERVICE 


The Employment Service has offices in New York, N. Y., Chicago, III, 
and San Francisco, Calif. 

The number of men placed during 1936 has averaged about 114 per 
month. The following table shows the registrations and placements in the 
- three offices: 


Men REGISTERED Men PuaceD 
Month San Sani 
New York| Chicago | Francisco | Total || New York} Chicago | Francisco Total 
Sa 117 69 49 235 59 26 13 98 
eee, ee | ee el | 
Soa 62 
pov. Wt, ia? 59 82 288 37 45 36 1 38 
aghast sO 61 71 

une as os sc 338 113 73 414 48 23 22 93 
Tks Sea 154 60 66 280 47 41 35 be 
A Ont onc 114 35 58 207 51 39 33 iz 
_ September 125 82 57 264 60 36 a6 123 
- October..... 125 49 67 241 51 30 27 198 
- November 128 37 39 204 57 36 27 120 

_ December... 115 65 47 227 | 64 | 36 
: Total... 1 744 741 719 3 204 650 398 824 { 1 372 
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DEATHS 


The losses by death during the year number 171, and are as follows: 


zZ Past-Presidents (1) 
- Onward Bates 


: Honorary Members (1) 
Charles Louis Strobel 


z Members (121) 

_ Charles George Adsit 

- Joseph Chester Allison 

Richard I. Downing Ash- 
bridge 

William Anderson Aycrigg 

Willis Edward Ayres 

John Capron Balcomb 

_ Wilfred Keefer Barnard 

— William I. Baucus 

- Albin Hermann Beyer 

- John Biddle 

- Roger Derby Black 

- Edward Gatling Bradbury 
' Ernest William Branch 

John Brunner 

Hdward Everett Buchanan 

_ Albert Nelson Burch 

~ Moses Burpee 

George J. Calder 

John Hirst Caton, 3d 

William Bowdoin Causey 

John Carroll Chase 

Stephen Child 

Robert Carr Churchill 

Charles Homer Clark 

Edward Ivan Clawiter 

Frederick Hosmer Cooke 

Stephen Elbridge Coombs 

Thurston Carlyle Culyer 

William de la Barre 

_ Benjamin Curtis Donham 

Henry Michael Dougherty 

Albert Bailey Drake 

Howard Nixon Hlmer 

Otto Rae Elwell 

LeRoy Frink Fairchild 

James Andrew Fairleigh 

William Adam Farish 

Harvey Farrington 

Joseph Firth 

Burton Percival Fleming 

Robert Fletcher 

Samuel Gourdin Gaillard 

Otto Henry Gentner, Jr. 

Abraham Gideon 

Hdward Gillette 

Hollis Godfrey 

Siri Krishna Gurtu 


AY TAKS 


Robert Rives Hancock 

_ Charles Hansel 
Nicholas Snowden Hill, Jr. 
Theodore Henry Hinchman 
Blliot Holbrook 


E 
e 
: 
z 
7 
a 
E 
4 
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“Gulian Schmalz Hook 


George Tillinghast Hammond 


Richard Carmichael Hollyday 


Frederick Billings Howard 
Charles Royden Hoyt 
Laurence Brackett Hoyt 
Albert Frederick Johntz 
William Nelson Jones 
William Datus Kelley 
Charles Seymour Kimball 
George Henry Kimball, Sr. 
August Gustave Kleinbeck 
Olaf Ingvald Knoph 
Carl Gustaf Emil Larsson 
Frederick Ewbank Leefe 
George Casper Doering Lenth 
Alvin LeVan 
Raymond Rudolph Lundahl 
Clifford Sherron MacCalla 
Robert Wentworth Macintyre 
Charles Patterson McCaus- 
land 
Frank Pape McKibben 
Frederic Ozanam Xavier 
McLoughlin 
Andrew Benjamin Mauzy 
Elwood Mead 
James Cowan Meem 
Robert Brooks Morse 
Frank Amende Muth 
Frank Howard Neff 
Edward Sherman Nettleton 
Vincent Phillip Odoni 
Fred Bailey Oren 
Milnor Peck Paret 
James Edwin Parker 
Hugh Pattison 
Leo Thomas Peden 
Asa Emory Phillips 
Andrew Jackson Post 
Louis Henry Prell 
George Nelson Randle 
William Fullerton Reeves 
James Herbert Richardson 
Theron Monroe Ripley 
Jacob Bomberger Rohrer 
Douglas William Ross 
Henry Bedinger Rust 
Frederick Edward Schall 
Edward John Schneider 
David Charles Serber 
Leidy Rudy Shellenberger 
Bernhard Alexander Smith 
Henry Clement Smith 
William Ernest Smith 
Horace Sylvan Stansel 
James Cummin Stevenson 
Earl Stimson 
Charles Eugene Sudler 
Zenas Harrison Sykes 
Howard Flanders Taylor 
John Jervis Vail 
John Cassan Wait 
Joseph Harrison Wallace 
Samuel C. Weiskopf 


Ray Benedict West 

Arthur Chambers Wheeler 
Frank Ormond Whitney 
Francis Stuart Williamson 
Bruce Clinton Yates 

Aaron Stanton Zinn 


Associate Members (37) 
Albert Read Baker 
LeRoy Wright Barbour 
Parke Lowe Boneysteele 
Arthur Taylor Bragonier 
Hdward Wesley Bullard 
Howard Douglas Campbell 
Charles Willis Chassaing 
Horace Culpeper 
Frederick Davis 
Felix Grover Dyhrkopp 
Howard Lewis Francis 
John DeBarth Walbach Gar- 

diner 
William Hauck 
Frank Fifield Healey 
Ora L. Hemphill 
Conway Robinson Howard 
Clarence Scott Howell 
John Franklin Jackson 
J. Duncan Jaques 
Robert Sharp Jones 
Giles Matthew Jowers 
Ralph Long Kell 
Harry George Lee 
John Bigger Leeper 
Victor Sargent Lorenz 
Ludlow Lawrence Melius 
James William Norton 
George Paul O’Connell 
Seth Perkins, Jr. 
Frank Hurd Pickett 
John Melvin Reardon 
Clarence Horace Schwartz 
Gustave Adolph Strand 
Edward Ralph Taylor 
Clifford Justi Thiebaud 
Howard Edward Van Ness 
Reenen Jacob van Reenen 


Juniors (7) 
Leonard John Butler 
Robert Joseph Driscoll 
Francis Albert Landrieu 
James Samuel McAllister 
Merritt Lemuel Pike 
Marshall Hudson Reese 
Philip Lanahan Welker 


Affiliates (3) 
Albert Farwell Bemis 
Thane Ross Brown 
Edward Francis O’Brien 


Fetiows (1) 
Samuel Magee. Green 
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ENGINEERING SOCIETIES LIBRARY 


The statistics which follow, give comparative figures for 1935 and 1936 
of the Engineering Societies Library: 


Additions: (Jan. ae 30) (Oct. © BEGERO 
Volumes (by oitt) ei caseintode res emacs 1 403 1 766 
m (by purchase) G).k es esaiel. siptaints 902 2305 1102 2868 
Mans? (iy Pilt tet. pao bb cg biepers fals 102 211 
mH WULCHARE Lia. oh etic reste eer 14 116 16 297 
Searches cisfiteSiarratecte afte a's bitty hatte 18 39 
Motal, AAGUIONE 2 ORE 6 oe caches tad operat 2 439 3 134 
Permanent collection. 6.0.3 062 147 492 138 742 
Expenditures for books, periodicals, bind- ; 
ing, supplies, and salaries (approximate) $31 358 $41 820 - 
The Library was used by.......:....--.- 30 289 37 586 
Including personal visits by.......... 22 399 26 784 
Volumes catalogued ........... seer enue 2 305 2 861 
Sarde added: to) Catalog. osm o> vhs oc aa o8 11 760 14 784 
Total catalog cards, arranged under subject 487 462 497 161 
earChesAINOdG |i casks dees har ss aot eee 110 10" 
ERrans AtlONSP IMAGO Wiehe c co oieroe ale laerenel tual 90 121 
IPOLOpTIN ES MAGES, i. che wiasrsp oiacsloler tte tieee ae 13 214 20 020 
Number of persons securing photo- . 
PADIS. (io eeysig seis sete are er Cla pier 1671 2 363 
Receipts for service ....... rcs stoke eet iay eat $5 834 $8 416 
Members borrowing books ..............-- 114 124 
PUBLICATIONS 


angry 


The publications of the Society for 1936 include one volume of T'ransac- 
tions (Volume 101), ten numbers of Proceedings, twelve numbers of Civil 
Engineering, a Year Book, a Manual, and a new edition of “Aims and 
Activities.” 1 


Transactions—Volume 101 is the regular yearly issue of Transactions, 
and includes the papers and discussions from October, 1934, through part of 
November, 1935. The volume also contains the Annual Address of President 
Daniel W. Mead, and Memoirs of Deceased Members none of which was pub-. 
lished in Proceedings. The paper bound copies of Volume 101 were issue 
as Part 2 of the October, 1936, Proceedings. 


Proceedings.—Progress Reports of the Special Committee on Flood Pr 2 
tection Data, of the Committee of the City Planning Division on Equitable - 


_ 


=- 


AL achat ante 


ee eT aS Ieee: REMI NCL RR NTN NMED eat 
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Zoning and Assessments for City Planning, and of the Committee of Engi- 
neering Economics and Finance Division on Principles to Control Govern- 
mental Expenditures for Public Works were published in the February, 1936, 
Proceedings; the Progress Reports of the Committee of the Sanitary Engi- 
neering Division on Water Supply Engineering; of Sub-Committee No. 2, 
Committee on Steel of the Structural Division, on Structural Alloy and 
Heat-Treated Steels, and of Sub-Committee No. 31, Committee on Steel 
of the Structural Division, on Wind-Bracing in Steel Buildings, appeared in 
the March number, and a Progress Report of the Committee of the Sanitary 
Engineering Division on Filtering Materials for Water and Sewage Works, 
on Filter Sand for Water Purification Plants, was published in the December 
number. The Annual Report of the Board of Direction was also published 
in the February, 1936, Proceedings, and the 1936 Year Book was issued as 
Part 2 of the April number. In addition, there were published in 1936 
Proceedings, 21 papers, and 2 Symposia—“Surface and Sub-Surface Inves- 
tigations: Quabbin Dams and Aqueduct” (March, 1936, Proceedings), and 
“Structural Application of Steel and Light-Weight Alloys” (October, 1936, 
Proceedings)—one consisting of 3 papers and the other of 13 papers; and, 
in addition, discussions thereon, as well as a number of discussions of papers 
published in 1934 and 1935. Subject and Author Indexes for the year were 
included in the December number. 

Members and others who took part in the preparation of these papers, 
reports, and the discussions, thereon, totaled approximately 345. 


Civil Engineering —Twelve numbers of Civil Engineering were issued for 
the year; of these, three contained abstracts of papers and reports delivered 
before Society meetings during the year, as follows: the March number con- 
taining condensations of material from the Annual Meeting of the Society 


in January, 1936; the July number similarly covering the Spring Meeting 


held at Hot Springs, Ark., in April, 1936; and the October number featuring 
the technical material originating at the Summer Convention in Portland, 
Ore., in July, 1936. The remaining nine issues for 1936 were regular numbers. 
A few data regarding the year’s contents are enlightening. A total of 143 
main articles, and this includes abstracts and committee reports, were pub- 
lished during the year. Others appeared in the department, “Engineers’ 
Notebook”, to the number of 30, while 104 discussions of printed papers and 
independent comments appeared under the heading, “Our Readers Say.” In 
the succeeding sections of the publication, 248 items were issued in “Society 
Affairs” and 149 separate headings, both brief and extended, in the 
department, “Items of Interest”, covering those features not explicitly 
connected with the formal operation of the Society. Also under the heading 
of “Society Affairs”, there were included 194 reports of Local Section meet- 
pendent records of Student Chapter activities; 52 papers sum- 
“Preview of Proceedings”; 134 reviews of books donated to the 
ring Societies Library; and approximately 1100 


ings; 142 inde 
marized under 
Society or to the Enginee 


10 ANNUAL REPORT OF THE BOARD OF DIRECTION Society Affairs 


short references to articles appearing in “Current Periodical Literature”, cor- 
responding to the similar month-by-month publication of the original articles 
in both American and foreign periodicals. Changes of address or employ- 
ment of Members of the Society to the number of 392 were given short 
accounts, while 310 Members were listed with brief experience records indi- 
cating their willingness to be considered for employment. Developing a 
recent addition to these pages, short biographical notes were given for 160 
Members recently deceased. The total number of items originated by the 
editorial staff or submitted by Society groups was 1337, representing an 
increase of 45% over the previous year. A 12-page index, giving the material 
printed during the year, under subject and author classifications, was issued | 
with the December number. The series of biographical accounts of early 
Society Presidents, begun in the April Civil Engineering and to be continued | 
through 1937, has been prepared by one of the staff with the aid of old records | 
in the possession of the Society and assistance from interested members. 

Manuals.—Manual No. 12 entitled “Construction Plant and Methods for ‘ 
Flood Control on the Lower Mississippi River and Similar Streams” pre- - 
pared by the Committee of the Construction Division on Flood Control, was | 
issued to the membership on December 15, 1936. 

Memoirs.—The publication of Memoirs of Deceased Members in Proceed- - 
ings was discontinued in October, 1930, at which time a pamphlet form of ' 
memoir was adopted, with final publication in Transactions. Approximately, , 
700 memoirs have been issued in pamphlet form, all of which have been. 
included in Transactions, Vol. 95 (1981); Vol. 96 (1932); Vol. 98 (1983); , 
Vol. 99 (1934); Vol. 100 (1935); and Vol. 101 (1936). 


Stock of Publications.—The stock of the various publications of the Society ° 
kept on hand for the convenience of members and others, now amounts to) 
191305 copies, the cost of which to the Society for paper and press work only ' 
has been $26 784.46, which allowing for depreciation and obsolescence is} 
carried on the books of the Society at a valuation of $13 392.23. 

Cost of Publications —The table (see page 12) shows the cost per page: 
and illustrations in Proceedings and Transactions for the past seventeen | 
years (since and including 1920), and in Civil Engineering for the past ; 
seven years. t 


The gross cost of publications, as determined by the bills actually paid | 
during the year, has been: 


Technical Publications (Includes Salaries of Editorial Staff) $124 629.43 ; 


Generali Rublicationsus sssinocchices oatetieie tie an ete op 7 190.14 
Total .sictsc0s 0st saints 9 erie aed elie ieee 


Topics Discussed in Publications—The various topics developed in} 
Transactions, Proceedings, and Civil Engineering during the year, and the; 
number of pages devoted to each, are as follows: ' 
, 


| 


t 
q 


— 
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i ; Civil 
Subject Transactions, Proceedings, Engineering 
pages pages sees 
PINAR ION tteci., oo —s Geert fan dak. soba waktenens 4 Y 
Cinysiateland National Planning. ........+06.+6..+..l.ctc...0.cn, | ie oa 18 
MUI WOLSADLON craicato leis +f sictsss. «5h reuie Gers cade . a 
BE LEOMOUNNEE RT TAs p10 ois or a hice See saaioae fee 2) 2a en es 
MI AMSPATIC IRESETV OTS. 74) o.0)6.4.¢.016 b 0 s.0.4 2 06 binvnitvejninreninians 1189 ane Baeenal 
Drainage and Irrigation 50 13 
_ DISA TELS. 1 Ge OI CRS EI eee 21 
ASUSATERODNS, 00.500 0S GOOG protic CLORROERAG ROE rea ane een FL a ne an a (ea OMe va Ge Ce es 
BseLUCAUIOIN Wet sat ctecheic WV elecevse'dcnape 6s bcueeaccitie = Ses srs ee 4 
Engineering Economics 367: Loe aan 
Br enCOTINE UE LOLSSION Wer carsales. s wai vactusee sene|ie em LDW of) Paateceae deere 29 
TAS SLCS UPR MME ESS Ton oy ois lets eens chat reusitvah ry al sfajlatw eer eo cee sn Piieie ioe OLS Oe te. ||| wletecve lord avete 3 
TENG Seem. cee cache BU AEDS ROISIRE Es Ieee ne ena 69 16 
GUC ALIONS).5 oie <i c.cie. 90s + choles eels cere «s 45 18 
prephic Blethen: i SUE d CC SO ETO Gye RUIN OFS OIC TE en ee el ae raed 1 
PLILWAVREMEINCOTINGE, |. coiategodce coe soe hele ee 6 «sions 46 30 
pe wrology; Hydraulics 218 30 
PUGET ON UA DDIM Cet targetttore itesrare wistem cities si caalere htate ose rete Auisitoiete tape. | noe etoatare sale re 3 
ENO sige OONSEFUCLIONG 24/4 fe ctels oca.e aleiuieicce soy cabs ah [Peele « lee a ace 282 19 
SEEM ESTER LECH ToT Yee tree la reteso, 6.2000 Shc. she cdiae, deere ewe a| Tooele ee Oibte bases AX 4) SOW secretions ee 
NGS LMiiayS HERTS Mie 96.8 O61 Peo BE oO ree TOoeEy tog) Sobn ane bem hall domcomine don 3 
SV Terixa lr Serer nein a a scshetore crctele o tile aie Saivlsdle S bho ones 7 een DPS Ee IT Mee eS Ac Acc 
TWEGIES S00) G87. oy OA COIR ICI Ae Oeics iene nen aes TS Gs AcieeSic.e 3a] re meee 
PROUT ISEVESOULCES Stet s citer er Fiskae ove oie coe erence ell” inthis oho tatele-stetaPliceleccs uel! wise ae 
Maree CEBU RD ATIC IVES Metal, ick cavernvel siecle avo d clevetepeloras|inidre eeavofeuntetajayarer 4] ath ashieve aiatsele «ie 5 
EES GBELATECG Sey arclsioiays ai olsi's alesat svete: sore .avepSlerts ayhiavs sieneysee 31 32 8 
arL LOLS eee Pte Cee: COE ao) Ri ees cutie ots,*, a eeslaae « Desc aa ees aw aisls, Jleaars ohbee-ee oles 2 
EEN COREL Se ET are ictal ovate ar co etsiein tie co's cose ape oe |) earciaie s pressiets il Waveho Srevannie ages 19 
UAPSGEE ISDORAIREN Nite SercTotane orate eee eras aries Sete s [Rive eine oGisins, || kel lbaneldere om 5 
EEL VMUCASUTES tera Al cree ate celtics als ieee See sre lels ote well eldediginjee sic sje” i]. Sade: cwcpere Sonetere 2 
CERTAIN o co a. SRR OOAIBOS ECegOG EDD CORT IO Se ORS ach Mics aes eNe en (PER te me ee 9 
onmnea IDFRPESS A goes fons DED SS eo CRU Gone UO Onn enhicnenisne ten! Meco omaeean 31 
SIRGD JERE TUOT L ole aie pg DIGG EOE O CIRCE net LEE Ren Carian [Raion bear nace aries nal Wrueeer a aroa 5 
MEIOLO EVA TITS Set oor eia te crete cere, oiieisiet omels acevo) ovelaca,|Pvluyw oe Mines » ove 23 189 
PePrRCLUPs ee TI PIMCCTING « s.c-5eicisls ais oldieneis oysieroeaie sare cle 651 499 56 
SUSEUNALNED, 6 05 a5 COB Po COORD DOD DILL ODTE OOO Cnn oot oa tPoou doors Soom | bcm Oraar an 5 
POUT VEIN Gee iis ens ditdls ctr cleels SOieeleye a ae ie ce ariel ars 23 27 5 
“Sain jen) wR oe 6 ben. CA See ae PO GnD COnOOOn ean COrOes) llniedicn odio Mm lsmommurners cio 18 
OMAPRISED — <5 ogc etn beets Saige Cekuec SE CI ee liter In aioe] Were Ices rao 10 1 
SREen ESTO VCT. MRT Ny Trviee Pe rcacoorane Toros iePesols:Suerrenaiio Rouenerabancvel| \ seleauspaustoraivwde, fu reriienn ode eere 3 
Viinpen Strehi hrs: ph adkgh ot ee Code oe ab Pocroen apedinors| lisctige cones 53 5 
SOUT NWORK Eire tec co heals clavate ino ave ee ele lon efe.was ls, ae, aie si 44 38 15 
UAV PIECE ERIE unc oO DS aIBIS Ck.D BFS ERD a Cte a eos EEO 43 (Al 23 
Applications for Admission or Transfer...........-+.0) ce eeeeee eens | cere eee cess 35 
SRP POT EMEC OLA er erat erera eccieyacel olabeisrs epee mvevereystois (evare| wafers egelerepetereisre || (eleie’s. deers! gtenalsre 40 
ViGht py 2.0 LSID ges is a5 Be ID RO nO Gee CO conan ior ic lac oem pme as crm Minis Carr rear ic a 40 
MATES CCUIOTIS MEM cnn ro eicieie cig ceteicg sicied avelsis ite |p SAB al ecainyy mca fo apeye whe eis ese ainye 17 
Student Chapters, ........02ceecs eee e eect teense] teeter e eee eee | cee eee eee eee 14 
Current Periodical Literature............-25 see cree ec] terete eee e ee ponerse eee 4 37 
SER CEATU TED CSCC SMD Tar eee cses bict alcvcsconelleupvevelia “ohh wily avere,’ovei os olei| pravanat cov anetelstset s\ |. ls: eapalsietepere tiene 8 
Men and Positions Available..........--.2-ceeeee eee] cere eee eee | cere eee ees 12 
Changes in Membership Grades. .........-0e+seeeeee] cereeee cence | rere ees eeeee 20 
News of Engincers.......ccsceeccse re cesecersee eens] seeeseeeneee | veteneeeeees 12 
1 721 1 695 899 
Summary of Publications for 1926 
Average Total 
Issues edition pages Cuts Plates 
Proceedings (monthly TAIN ELS)) eke. se 10 bi070) tal 7386 A Sie 
Civil Engineering (monthly numbers)..... 12 15 O67 2-51L192 “SO tw 
Pransactions, Vol. 101.......--eeeeeeeees 1 13:630 2) ele7 (6628 Pere 
MMbrrinteNOy D2. o--aetenees © me: Cae 1 15500 ALS 2b 
iNiear Book .«s....- +s omen iene << ovale oo 6h < b8 500 480 4) ry 
Maeda Activities. ¢......¢.s22-08e0s+ > 1 * 28.000 33 il 
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READING ROOM OF THE SOCIETY 


The attendance at the Reading Room during the year was 2181. 
Two hundred and fifty-nine periodicals are regularly received. Included 
in this number are many foreign periodicals, also a number of literary maga- 
zines and several daily newspapers. ; 


MEETINGS 


Six meetings of 8 sessions were held during the year, as follows: At the 
Annual Meeting, at New York, N. Y., 1 (2 sessions); at the Spring Meeting, 
at Hot Springs, Ark., 1 (2 sessions); at the Annual Convention, at Portland, 
Ore., 1 (2 sessions) ; and the Fall Meeting, at Pittsburgh, Pa., 1 (2 sessions) ; 
and 2 regular meetings held in Engineering Societies Building, 
New York, N. Y 

At these meetings there were presented six papers, two Symposia (16 
papers), four. Reports of Committees of the Society, one Division Report, 
and four Addresses. Conferences of Local Sections were held at Hot Springs, 
Ark., Portland; Ore., and Pittsburgh, Pa., and of Student Chapters at 


N ew York, N. Y., Hot Springs, Ark., and Pittsburgh, Pa. 


eS ieee Vie oe ae 
‘ 


The total attendance at the meetings of the Society during the year was 
approximately, 3960. The registered attendance at the Annual Meeting 
was 2030; at the Spring Meeting, 331; at the Annual Convention, 850 
(approximately); and at the Fall Meeting, 749. 

The dates of the meetings of the Society during the year, together with the 
titles of the Papers, Symposia, Reports, Addresses, etc., presented thereat 
were, as follows: 

January 15, 1936 (Two Sessions): Reports of Committees on Earths and 
Foundations’; Flood Protection Data’; Salaries*; and Report of the Committee 
of the Engineering-Economics and Finance Division on Principles to Control 
Governmental Expenditures for Public Works’. 

March 18, 1986 (One Session): Business Meeting of the Society. 

April 22, 1936 (Two Sessions)°: “The Engineering Problems of the Lower 
Mississippi Basin and Their Importance to the Country as a Whole”, by 
Grover T. Owens, Esq.; “Industrial Development of the Lower Mississippi 
Basin”, by H. C. Couch, Esq.; “The Future of the Railroads in the Missis- 
sippi Valley and the Southwest”, by L. W. Baldwin, M. Am. Soe. C. E.; “Oil 
and Gas Resources of the Mid-South and Their Effect on Future Develop- 


ment”, by T. H. Barton, Esq.; and “The Undeveloped Resources of the Mid- 


South” by Earle W. Hodges, Esq. 
July 15, 1936 (Two Sessions)®: “The Engineer and His Code”, Address 


_by Daniel- W. Mead, President, Am. Soc. C. E.; “The Oregon Country in 
History”, by Dr. Harold J. Noble; and Symposium on “Professional Activi- 


— ee 


ties of the Society”, comprising the following papers: “Registration of Engi- 


1 Qivil Engineering, March, 1936, p. 170. : 

2 Proceedings, Am. Soc. C. H., February, 1936, p. 208. 

3 Civil Engineering, March, 1936, p. 167. 

4 Proceedings, Am. Soc. C. H., February, 1936, p. 213. 

5 Oivil Engineering, July, 1936, pp. 431, 425, 428, 433, and 435. : 

® Transactions, Am. Soc. C. B., Vol, 101 (1936), PB. 1483; also, Civil Engineering, October, 
1936, pp. 703, 699, 700, 701, 704, 705, 706. and 707. 


7 
5 
14 ANNUAL REPORT OF THE BOARD OF DIRECTION Society Affairs 


neers”, by James L. Ferebee, M. Am. Soc. C. E.; “Engineering Salaries”, by 
Hrkest P, Goodrich, M. Am. Soe. O. E.; “Engineering Fees”, by E. R. Needles, 
M. Am. Soe. CO. E.; “Re-Employment of Engineers”, by George T. Seabury, M. 
Am. Soc. C. E.; “Professional Development”, by C. F. Hirshfeld, Esq. ; 
“National Relations”, by Alonzo J. Hammond, Past-President, Am. Soe. 
C. E.; “Education of the Public”, by J. K. Finch, M. Am. Soc. C. E.; and 
“Aims and Activities of the Society”, by J. P. H. Perry, M. Am. Soe. C. E. 

October 15, 1936 (Two Sessions): Symposium on “Flood Control”, com- 
prising the following papers: “The Flood of 1936 in the Eastern Part of the 
United States”, by the Hon. James J. Davis; “Problems in Developing a 
National Flood Protection Policy”, by Abel Wolman, M. Am. Soe. C. E.; 
and “The Economie Aspects of Flood Control”, by Nathan B. Jacobs, M. Am. 
Soe. C. E. 

October 21, 1986 (One Session): Business Meeting of the Society. 


MEDALS, PRIZES, AND AWARDS 


The award of Society Medals and Prizes for the year ending July, 1936, 
was as follows: 

The Norman Medal to Daniel W. Mead, President and Hon. M. Am. Soe. 
OC. E., for his paper entitled “Water-Power Development of the St. Law- 
rence River.” 

The J. James R. Croes Medal to Wilbur M. Wilson, M. Am. Soe. C. E., 
for his paper entitled “Laboratory Tests of Multiple- Span Reinforced Conf 
erete Arch Bridges.” 

The Thomas Fitch Rowland Prize to A. V. Karpov and R. L. Templin, 
Members Am. Soc. OC. E., for their paper entitled “Model of Calderwood Arch — 
Dam.” 

The James Laurie Prize to Paul Baumann, M. Am. Soc. CO. E., for his. 
paper entitled “Analysis of Sheet-Pile Bulkheads.” 

The Collingwood Prize for Juniors to Clinton Morse, Jun. (now Assoc. M.) 
Am. Soc. C. E., for his paper entitled “Renewal of Miter-Gate Bearings, . 
Panama Canal.” 


The Traveling Scholarship was awarded from the Freeman Fund for the : 
year 1936-1937 to John Hedberg, Jun. Am. Soc. C. E. | 

The fourth award of the Alfred Noble Prize was made to Abe Ties 
Member, A. I. E. E., for his paper entitled “Spark Lag of the Sphere Gap”, 
published in Hlectrical Engineering, Vol. 54, August, 1935. 


LOCAL SECTIONS 


There are at present 58 Local Sections, the Kentucky Section approved 
by the Board of Direction on January 13, 1936, having been added | 


the year. 


TECHNICAL DIVISIONS 
All the Technical Divisions of the Society held sessions during the veal 
either at the Annual Meeting in New York, N. Y., in January; the Spring ; 
Meeting, in Hot Springs, Ark., in April; the Annual Convention, in Port» 


Dinettes 


PARC i ahd 


+ 
M 
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land, Ore., in July; or at the Fall Meeting, in Pittsburgh, Pa. Of these 
meetings ten were double sessions of which three were held jointly with 
other Divisions of the Society, and five with Local Sections of the Society as 
follows, Central Ohio Section, one; Cleveland Section, one; and Pittsburgh 
Section, three. 

The meetings of the Divisions were marked by good attendance and inter- 
est and by an excellent group of technical papers. 


City Planning Division 

January 16, 1986 (Two Sessions): Reports of Chairmen of the Division 
Committees; “Use and Limitations of Work Relief in the Advancement of 
Planning Programs”, by Harold M. Lewis, M. Am. Soe. C. E.; and “The 
Future of Land Sub-Division and Its Problems”, by Harland Bartholomew, 
M. Am. Soe. C. E. 

October 15, 1986 (Two Sessions)? (Joint Session with Pittsburgh Section, 
Am. Soc. C. E.): Symposium on Volume of Traffic and Financial Problems 
Involved in the Planning of Major Highways: “Factors Controlling Traffic 
Capacities in Existing Street Systems in Congested Districts”, by Lewis W. 
McIntyre, M. Am. Soe. OC. E.; “Methods of Relieving Congestion and Increas- 
ing Capacity of Existing Street Systems”, by Donald M. McNeil, Jun. Am. 
Soe. OC. E.; “The Effect of a Major Highway on the District It Traverses”, by 
U. N. Arthur, M. Am. Soc. C. E.; “Effects of Alignment, Grade, and Width 
on Direct and Indirect Costs of Major Highways”, by Edward L. Schmidt, 
Esq.; and “Relation of Highway Costs to Taxable Values and Community 
Wealth”, by Joseph White, Esq. 


Construction Division 


January 16, 1936 (One Session)*: Symposium on Advances in Construc- 
tion Equipment and Methods: “The Engineer and the Construction Plant’, 
by A. J. Ackerman, Assoc. M. Am. Soc. C. E.; “Barth Moving”, by T. T. 
Knappen, Assoc. M. Am. Soe. C. E.; “Concrete Handling”, by Lion Gardiner, 
Esq.; “Welding”, by William Sparagen, Esq.; and “Structural Erection 
Practice”, by David S. Fine. 

April 25, 1986 (One Session)*: “Construction Features of the Fort Peck 
Project”, by T. B. Larkin, M. Am. Soe. CO. E.; “Construction Features of the 
Conchas Dam”, by Gerard H. Matthes, M. Am. Soe. C. E.; and “Construction 
Features of the Mississippi River Bridge at New Orleans”, by N. F. 
Helmers, Esq. 

July 16, 1986 (Two Sessions)* (Joint Sessions with Power and Waterways 
Divisions): “Construction Plant at Grand Coulee Dam”, by C. D. Riddle, 
Assoc. M. Am. Soc. O. E.; “Placing the Hydraulic Fill, Fort Peck Dam”, by 
T. B. Larkin, M. Am. Soc. C. E.; “Improvement of the Columbia River for 


1 Civil BORE CORNY» ee Lee a 162, 158. 
2Toc. cit., September, , p. 577. ¥ 
Lr08. cit., Aah, 1936, pp. 139, 148, 147, 151, 155. 


4Zoc. cit., July, 1936, pp. 462, 437, : 
Soe. cit., Gerber, 1936, pp. 689, 659, 636, 671, 674. 
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Navigation”, by Col. Thomas M. Robins, Corps of Engrs., U. S. A.; “Con- 
struction Features of the Binneville Project”, by C. I. Grimm, M. Am. Soc. 
C. E.; and “Hydraulic Models as an Aid in Design and Construction”, by 
J. O. Stevens, M. Am. Soe. C. E. 


Engineering-Economics and Finance Division 

January 15, 1986 (One Session)*: Report of the Committee of the Engi- 
neering-Economics and Finance Division on Principles to Control Govern- 
mental Expenditures for Public Works. 

Highway Division 

January .16, 1986 (One Session)*: “Recent Developments in Pavement 
Design”, by Julius Adler, M. Am. Soc. O. E.; and “Highway Connection with 
the Triborough Bridge, New York City”, by ©. C. Evans, Esq. 

July 16, 1936 (One Session)" (Joint Session with Structural Division): 
‘Design of Five Oregon Coast Highway Bridges”, by O. A. Chase, Esq.; “Con- 
struction Problems on Coast Highway Bridges”, by G. S. Paxson, Assoc. M. 
Am. Soe. C. E.;.and “Highway Design, as Being Applied in the Oregon High- 
way System”, by R. H. Baldock, Esq. 

October 15, 1936 (Two Sessions) (Joint Session with Central Ohio Section, 
Am. Soc. C. E.): Symposium on Modern Highway Design and Construction: 
“Tmportant Considerations in Modern Highway Design”, by W. V. Buck, 
M. Am. Soe. C. E.; “Application of Soil Mechanics in Highway Construction” 
by K. B. Woods, Jun. Am. Soe. O. E.; “Design of Pavement Surfaces”, by H. 
F. Clemmer, M. Am. Soc. C. E.; “The Development of Highway Bridges in 
Ohio”, by Walter G. Smith, M. Am. Soc. C. E.; “Concrete Durability”, by H. 
S. Matthews, Assoc. M. Am. Soc. C. E.; and “Weathering of Asphalt Pave- 
ments”, by Malcolm S. Douglas, Assoc. M. Am. Soe. OC. E. 


‘Irrigation Division 2 
July 16, 1936 (Qne Session)*: “Relation of Reclamation of Arid Land by 
Irrigation to the National Land Use Program”, by J. W. Haw, Esq.; “Lantern 
Slides Illustrating Features of the Columbia Basin Project and Complete Irri- 
gation Structures on Other Projects of the U. S. Bureau of Reclamation”, by 
Frank A. Banks, Assoc. M. Am. Soc. 0. E.; and “Advantages of Irrigation in 


Western Oregon and Washington”, by George E. Goodwin, M. Am. Soe. QC. 


Power Division 

October 14, 1986 (Two Sessions) (Joint Session with Engineering-E 
nomics and Finance Division): Symposium on Economic Aspects of Ener, 
Generation: Session I, “Thermo-Generation of Energy”, by George A. Orro 
M. Am. Soc. C. E.; “Hydro-Generation of Energy”, by F. H. Rogers, Esq. 
and “Improvements in Utilization of Energy”, by Joel D. J ustin, M. Am. Soc. - 
C. E. Session II, “Cost of Generation of Energy”, by Philip Sporn, Esq.; 
and “Economic Aspects of Energy Generation”, by Messrs Ralph A. Free 
man and B. A. Thresher. 


5a Proceedings, Am. Soc. C. B., Februa rit 21 
° Civil Engineering, March, 1936, pp. 1 Bb. i 
™ Loc. cit., October, 1936, in ane 511% 

§ Loc. cit., October, 1936, 
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Sanitary Engineering Division 
January 16, 1986 (Two Sessions)*®: “The Réle of the Sanitary Engineer 
in Industrial Sanitation”, by Charles L. Pool, Assoc. M. Am. Soc. C. E.; 


“Permeability of Earth Dam Foundations”, by Stanley M. Dore, Assoc. M. 
_ Am. Soe. C. E.; Report of Committee on Water Supply Engineering, Thomas 


H. Wiggin, Chairman; “Experiences with Multiple-Storage Sludge Diges- 


- tion,”, by Messrs. A. M. Rawn, A. Perry Banta, and Richard Pomeroy; “The 
_ Design of Aeration Tanks for the Activated Sludge Process”, by S. W. 


Freese, Assoc. M. Am. Soc. CO. E.; and “The Grinding of Garbage and Its 


Disposal to Sewers”, by C. E. Keefer, M. Am. Soe. C. E. 


April 23, 1986 (One Session)’; “Unique Features of the Hot Springs Sew- - 


_ age Treatment Project”, by Ellsworth L. Filby, Assoc. M. Am. Soc. C. E.; 
_ “Recent Developments in Malarial Control in the Mid-South”, by J. A. 
_LePrince, Esq.; and “Recent Developments in the Construction of Water- 


Works Projects in the Mississippi Valley and the Mid-South”, by Charles B. 
Burdick, M. Am. Soe. C. E. 
July 16, 1986 (One Session)”; “Sanitary Protection of the Portland, Ore., 


_ Water Supply”, by B. S. Morrow, Assoc. M. Am. Soc. C. E.; “Control of 
~ Mosquitoes to Promote Comfort”, by Harold F. Gray, M. Am. Soc. C. E.; 


and Symposium on Oregon Stream Cleansing Program; “A Preview of Past 
and Present Efforts to Reduce Stream Pollution in Oregon”, by Ray E. 


id Koon, M. Am. Soc. C. E.; “The Status of Municipal Sewage Treatment and 
_ Disposal in Oregon”, by Carl E. Green, Assoc M. Am. Soe. C. E.; and “Indus- 
_ trial Waste Problems in Oregon”, by Fred Merryfield, Assoc. M. Am. Soc. 
a C.-K. 


October 15, 1936 (Two Sessions) (Joint Session with Cleveland Section, 


Am. Soc. C. E.): Symposium on Stream Pollution: Session I, “Stream 
Pollution: Introduction”, by George E. Barnes, M. Am. Soc. C. E.; “What 
~ Can We Do About Stream Pollution?” by Abel Wolman, M. Am. Soe. C. E.; 


“Progress in Stream Pollution Control in the Ohio River”, by E. S. Tisdale, 
Esq.; “Stream Pollution Problems at Cincinnati, Ohio,” by J. E. Root, M. 


“Am. Soc. C. E. Session II: “Planning for Pollution Control at Pittsburg ue 


by Daniel E. Davis, M. Am. Soc. OC. E.; “The Pymantuming Reservoir as a 
Factor in Low-Water Control”, by Charles E. Ryder, Esq.; Floods and 


Pollution” by W. L. Stevenson, M. Am. Soc. C. E.; and “Surveys for Pollu- 


tion and Dilution Requirements”, by H. W. Streeter, M. Am. Soe, C. E. 


Structural Division 
January 15, 1936 (One Session)”: Reports of Division Committees: On 
Modern Stress Theories and Fatigue Research, by A. V. Karpov, Chair- 
man; On Structural Alloys, Robert S. Johnson, Chairman; on Wind- 
Bracing in Steel Buildings, C. R. Young, Chairman; and On Bridge Floors, 


Shortridge Hardesty, Chairman. 


9 Civil Engineering, March, 19386, pp. 192, 172, 157, 178; also, Proceedings, Am, Soe. 
Cc. B., March, 19386, p. 355. : 

1° Civil Bagineering July, 1936, pp. 453, 446, 449. 

11 Loc. cit., October, 1936, pp. 656, 685, 678, 680, 682. in en ti Vent 
12 Civil Hngineering, March, 1936, p. 199; also Proceedings, Am. Soc. C, H., Maren, , 


p. 397 
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October 14-15, 1936 (Four Sessions)* (Joint Session with Pittsburgh Sec- 
tion, Am. Soc. C. E.): Symposium on Structural Application of Steel and 
Light-Weight Alloys: Session I, Modern Stress Theories and Fatigue 
Research: “Modern Stress Theories”, by A. V. Karpov, M. Am. Soc. C. E.; 
“Tests of Engineering Structures and Their Models”, by R. L. Templin 
M. Am. Soc. C. E.; “Photo-Elastic Determination of ‘Stress”, by J. Ho Ag 
Brahtz, Esq. “Session II, Metallurgical and Manufacturing Aspects of 
Structural Ferrous Alloys: “Low-Alloy Structural Steels”, by E. C. Bain, 
Esq., and Fred T. Llewellyn, M. Am. Soc. C. E.; “Stainless High-Alloy 
Structural Steels,’ by M. J. R. Morris, Esq.; “Light-Weight Structural 
Alloys”, by Messrs. Zay Jeffries, C. F. Nagel, Jr., and R. T. Wood; and 
“Corrosion in Relation to Engineering Structures,” by James Aston, Esq. 
Session III, Structural Applications of Special Steels: “Actual Applications of 
Special Structural Steels”, by V. D. Beard, M. Am. Soc. C. E.; and “Evolu- 
tion of High-Strength Steels Used in Structural Engineering”, by Leon S. 
Moisseiff, M. Am. Soc. C. E. Session IV, Light-Weight Structural Designs: 
“Application of Stainless Steel in Light-Weight Construction”, by E. J. W. 
Ragsdale, Esq.; “Structural Application of Aluminum Alloys”, by E. C. 
Hartmann, Assoc. M. Am. Soc. OC. E.; and “Magnesium Alloys and Their 
Structural Application,” by A. W. Winston, Esq. 


Surveying and Mapping Division 
October 14, 1936 (One Session) (Joint Session with Pittsburgh Section, 
Am. Soe. C. E.): Symposium on the State System of Plane Co-Ordinates: 
“State-Wide Systems of Plane Co-Ordinates”, by Oscar S. Adams, Esq.; and 
“Triangulation of Fairmont Region and Commercial Application of Co-Or- 
dinates in Surveys”, by L. E: Yoder, Esq. 


Waterways Division 


April 23, 1936 (Two Sessions)“: “Improvement on Lower Mississippi 
River”, by Brig.-Gen. Harley B. Ferguson, Corps of Engrs., U. S. A.; 
“Improvement on Missouri River”, by Capt. O. E. Walsh, Corps of Engrs., 
U. S. A.; and “Waterway Transportation”, by Rufus W. Putnam, M. Am. 
Soe, O. E. ; 


October 14, 1936 (Two Sessions): Symposium on Flood Control: Session 
III, “New England Floods”, by W. F. Uhl and Charles T. Main, Members, 
Am. Soc. C. E.; “New York State Floods”, by A. W. Harrington, M. Am. 
Soe. C. E., and Hollister Johnson, Assoc. M. Am. Soe. C. E. Session IVs 
“Floods in the Upper Ohio and Tributaries”, by E. K. Morse.and Harold A. 
Thomas, Members, Am. Soc. C. E.; “The Ideal Organization for the River 4 
and Flood Service of the Weather Bureau”, by Montrose W. Hayes, Esq.; 
and “Federal Plans for Flood Control”, by Lt. Col. W. E. R. Covell, Comps 
of Engrs., U.S. A. 


18 Proceedings, Am. Soc. C. E., October, 1936, pp. 1125-1340. 
4 Civil Engineering, July, 1936, pp. 421. 457. 
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MEMBERSHIP OF TECHNICAL DIVISIONS 
City Planning 
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STUDENT CHAPTERS 


There are at present 113 Student Chapters. The University of Maryland 

was organized during 1936. The Mississippi State College Student Chapter 

was reinstated, and the Custis Lee Engineering Society (Washington and 
Lee University) was disbanded during the year. 


The reports of the Secretary and Treasurer are appended. 


By order of the Board of Direction, 
Grorce T. SEABury, 


TREN RCA ey ARMA OM NN atone ne 


Secretary. 


January 18, 1937. 
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BALANCE SHEET 


Cash: ASSETS } 
In banks and on hand. . .eee. ~—4 282.80 
On deposit with U. S. Post Office. . 200.00 $4 482.80 ; 

Marketable securities, at cost ($73 381 
at market quotations) . Ah Care SP a Dal On Omo ny 

(Accrued interest saves cle neess saspiary ___2 601.36 76 415.23 

Accounts Receivable: 

Mem DEreine «vb G.cacectea saps ¢ce-s owems 96 486.41 
ENOni=ITIGTTIDGLS fis 2. are ce cheieieler ar clel aleve eislatte 1 663.06 
28 149.47 

Less, allowance for doubtful accounts. 22 000.00 6 149-47 

Inventory of publications, at cost, less . 
POSOLUCHR rae cic hstethaccke Lisa (ele Mami ow siete ts siie Misa saat heres 13 392.23 

Prepaid insurance premiumMS........+.+sseeeeee re ceees 187.65 

100 577.41 “ 

Due from The Fifty-seventh Street 
Property Fund ills bss os oe ie dev ene see ye ens caves 81.14 

‘Due from The Freeman Fund.............eeeeeee ones 194.36 


Real Estate: 
Interest in real estate and other assets of 
United Engineering Trustees, Inc., ex- 
clusive of trust funds, at book amounts 496 948.48 
218-220 West 57th Street, New York, 
N. Y., at book amount, less reserve 


for depreciation ....... we. 587 957.64 1 084 906.12 
Furniture and office aitanent Jest reserve 
for, depreciation: © sin sieejie ace yl estas ened Leal aveiq daa 10 149.45 ¢. 
Lnbrary, at book amount. ........¢..ececees cece seein 94 4383.05 $1 290 341 
Fund Investments: : 


The Fifty-seventh Street Property Fund: 
Marketable securities, at cost 


($112 079 at market quotations)... 115 %76.52 
mraried interest: .4/tbcas sss et See eee 865.94 as 
116 642.46 { 

Less, amount due to general fund. 81.14 116 561.32 


The Freeman Fund: 
Marketable securities, at book amounts 
($23 154 at market quotations).... 22 371.22 
Less, amount due to general fund. 194.36 22 176.86 
J. Waldo Smith Fund: 
Marketable securities, at par value 


! 


($21 861 at market quotations)................ 20 000.00 
Merritt Haviland Smith Memorial Fund: 
Gash int savingsw barilesaes. oder «rsd oes ereinie citretehe alee 1 194.63 
Rudolph Hering Medal Fund: . 
Craghy th eavings HANK onthitv wince soulissees Sebke es 511.10 
Assets representing unexpended balances of income: 
Aiashieams DAN KS 850") ais Wade cadet eben oakaeess cee ee lane eiacees 4 994.37 
, Accrued interest on securitieS..........-....eeeeees 184.69 


To THE Boarp or Direction, 
AMERICAN Society or Crvin ENGINEERS: 
j We have examined the accounts of AMERICAN Society or Civin ENGINEERS ¢ 
which investment securities, real estate and the library are stated, the above 


New York, January 12, 1937. 
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EMBER 31, 1936 


Aes CRy ie | 


LiaBinities aNpD Funps 

jounts Pay MOOT, Merete) 8 a5 se) ie 6 ye hte ds $153.58 

mbership dues for 1987 paid in advance 53 852.21 

4 member and non-member eredits. . D Sse $57 379.11 

ze8, library and compounded dues funds.. 23 852.50 

4 Pepe IN. ss 2's cis wagclea «ott 16 397.55 40 250.05 

‘rent fund surplus, including amount 

rising from revaluation of real estate............... 1 192 712.37 $1 290 341.53 

nds : 

= Fifty-Seventh Street Property Fund............ 116 561.32 

‘he Freeman Fund 22 176.86 
20 000.00 

1194.63 


511.10 160 443.91 


= Balances of Income: 


reeman Fund income and expenses........-..:0+00% 776.19 
OM Nina N arate Ft sapere > = 5184 wasn eg Le 2 473.07 ' 
ity MeIRAV OL JAVISION oy, 556 2 WHE lopaie 'siose. § 6, ore 0: v sllaleh she 604.80 2 
rveying and Mapping Division....... acd deweentt 90.00 
eS Smith Fund income a as EXPeNsesanen eet te 1 235.00 5 179.06 


Soi) 


a 


. 


$1 455 964.50 


ber 31, 1936. In our opinion, subject to the reasonableness of the ainounts at 
t sets forth the position of the Society at that date. 
{ Lypranp, Ross Bros. & MonraoMeErx, 

Accountants and Auditors. 


~ 
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REPORT OF SECRETARY FOR THE © 
To tHE Boarp or Direction OF THE 


GENTLEMEN :—I have the honor to present a statement of Receipts and — 
There is also appended a general Balance Sheet showing the condition of the 


RECEIPTS 

Cash on hand January 1, 1936........ 0. eee ee eee eee 
Bintramce ees a. «06.2 ve dle ole nies oc0 oe ¥ele whepe is erate 0 eurvess ole 
Gurrentuies rosie eliels oleh mate eM le reisfepsyece #7 Sra ee 
NAG PEL) LOSES coe Sea es cco ain) sina walT aslo, mh ol aleve Mahe = 42 saeatehe 
AVAGO LUGS fhe cieene Sackie sisi sac e) otdaloye .sretmusietshs leone 
Sale of Publications . cf, mtr Yala 
Binding for Members..........-. ee eee cece recess 
Badges ... 
Certificates 
Annual Meeting .. ER Re 
Tilereako or vVOBEMeritd vcs cc bd t an, oe neem © 
Postage . Beer aes tid Br cietstate 
UV ORISINS foie Sierarn ins ninle oh isiale en syst Bie faa oom 
IMiracellaments ii dbyte oto cleiaie evemee,s eleuetels auesietiete metetsyrtere 
Income from 57th Street Property: 

Credited to General Receipts......... $47 000 


Credited to 57th Street Property Fund 5 500 


Society Investments : 

alamOLY SOCUEIELES Site cretmete coteiorennnls) aio rere aueleven 

Accrued alnterestis scmhs ts <1steierucia aaelete tle pieeigiel ons 
The 57th Street Property and: 

Sal ehoLeOOCULIbles ots -citeccteptte olantions oat cieie eer 

ANterest: OMA SCCULILIGS \ cc's cous eieusels pie siecle ete Sle 

Accrued Interest ........... 
The Freeman Fund: 

TIGOIN Sty, eracs, ate nats eats te oee eects Pike ae Lae eee 

Principal (Sale of Securities)................ 

Ncerued snterestasevcnk chee eae Seton: oadetnets 
The J. Waldo Smith Fund: 

TLOLESts cists d: aheyeve ore else aa ee. b< BG heresies eon 
City Planning Division: 

TP TPELESEH ee ere hile Woe oh eeeina Wish die iae caters aan 
Power Division 

terest?! fuss acre awe Y on desea cutee Raed areeee 
The Rudolph Hering Medal Fund: 

PTA HST OSE cs. c5c4d «lois oie ava he cheie ws aloke| 6, alGte eee ea eee 
The Merritt H. Smith Memorial Fund: 

Ma tSKeES te orvte s,s onertacales oe ous coo tel ean oe ne Siete eine 


4 965.75 


3 227.60 


52 500.00 


42 420.00 
514.15 


Ha ane 


29 082.47 
4 740.50 
207 .02 


1 012.26 
97 
16.88 


far) 
bo 
OV 
oo 


625.00 
12.01 
48.79 


12.62 


25.388 475 ee 
$521 330.66 


— 


en ee a 


: 


a 


Soci $46 084.55 
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_ YEAR ENDING DECEMBER 31, 1936 


_ affairs of the Society. 


American Soorery or Cryin ENGINEERS, 


23 


Disbursements for the fiscal year of the Society, ending December 31, 1936. 


Respeetfully submitted, 


Grorce T. Srapury, Secretary. 


DIsBURSEMENTS 
EEE OMICOMS Sate, as octe coe coon Vibe oececccacedeenivns $22 325.00 
Meera merit Allowances 6.5 oo... ss eis enc sdcceevccetucocedte 2 086.80 
SMELL Vt ce E ery cs co cig.c swe lcatlos beth oeBaadecns 79 517.69 
Mel raveling Allowance of Officers. .......:.cccecccscececcenccuce 23 621.16 
a ee ce eg Oe dike hos cscs see co ecadeasewn dee 13 532.64 
(GLACE aa hare RR a ga a 2 312.94 
MMIC INGA TIONS SE, «sos: 5 aiavay io.cx dy res apie Qowe elise esas ole 7 190.14 
BERT AMMAN G Tocrr dea cscs tee eta dw cet tec crt babes reeked 2 880.53 
RT Merete COR oS ks. oss v cia ceases es odavenece 6 258.66 
(Oe oy OSs ne aan ed ANS eR ee a nn De ta 3 270.29 
nt rm Pr ere rr i es Pec oR wei Mok ns oa ae 3 076.24 
NN MREAT Ode et ey Cee Sees are ordly sinks SATA IE CMe sO 9 oh 404.41 
SPR aM POGUE. SRM i... hos sass, aivss's loc dbp dele hodudds Oban sled mad 321.71 
—Chitrere: Shree ete = cy ee ee eo 3 1538.14 
Meeurniure and Office Hquipment. .... 00.0... c ec cc tec ee ee es 4 083.61 
BO EAT SUSIE CSSRE Ce & bacve she crele ee es ooo Ries Bie e.g wa see hoes whee S 3 653.04 
ERM PRE PEE RPYS CO aha! hse oa acide sleolisia olathe sees eke soe 448 26 
——'xematliraye J Royoraat) Sb Se Ne aie eee Se as nee 427 .57 
SSCA MAC OUSM SECM Teas tees aoe cls alsin diene, + ane slevere hove ole oi tkeiesaies 986.18 
PATH OLED GROG IV CCE a ets sie er i icuese tenes a Gerais ciclo wide aa escd clone efos where 3 073.05 
ee RM Te aera eo a cciere actos ore's 8 4G 2d tense eer Wes hale 8 914.32 
Meamerican Standards Association ..........c6esee cece ncceceeas 500.00 
Be MNS CC LORS Meee mes cae tars folate al avckis «Peles 4xG,re"s te anja 2's ojassi"rit oko paila-w ob etbiaantese 10 470.00 
MP MMER AME UDICHEYONS occu sono '2.0 sco cle eo gree wid sb te oe ote ss tielfe se 124 629.48 
MeGtINGS fcc. s ce cena. 0 ie eo care Oe pS AD TIT CORIO cara 11 502.23 
Se coE Irae VAST OMI a 2 tiers: Gree o:.e7siie. «0.9 g-6' 4 w= ogee; na,0 (61 ele\ ar eine) syn) oa 5 403.21 
Menolimicaie OOMIMiIttees: s 6s lnc cc Sedtec Se cee ee tase chive es oeeen 4 916.47 
ME MUTINIATSUTA TIVE: OOMIMIGLCES/ lve eso sods ad die Cbg kale » we are lelelllelere ¢ 2 763.52 
BMC Se TOM alle OOM LESS wavs chocreceie vie © vise oe. sigiete tie s.c.6. eo wibeciecs ey « 8 648.56 
SeAmerican Engineering Council............-...2 es ¢ereerewnees 12 000.00 
MEE ETUC LOM WCAC ee, vin ciolesclece a + Fi cic «cei ere, ao) 2iieidie 01 sypiieia suas 952.138 
MME ee MCNeAtIONYELOPTAIN: 6.6.0 ck es oes ss cence eens ceteesees 5 849.21 
_ Engineers’ Council for Professional Development............... 450.00 
- Society Investments: 
a Purchase of Securities ...-. 0+. sree ce cse cece cee cee eee cnes 78 498.76 
: MECEMOC GEMLETOSE M.S io ss <5 ce niole eine ee eaineinee n cme ews ces ee 514.15 
J. Waldo Smith Fund: 
a MaICOiiG ANd LXpPense fo. .00 dee cn eo oes a naieeings eres s cnes 29 .40 
_ The 57th Street Property Fund: 
a FN GSOCUPITICR wince cd's ta seen’ ¥ ose siae 9 Bolorniels gets 48 013.00 
> vanes! Tinea lg aes ae dieoo tinge Spee oe inere no Coen emnicr aes 403.58 
_ The Freeman Fund: 
i Principal (Purchase of Securities). ..........e eee eeeeeeeee 6 262.50 
7 Mneomie and Expense. ...s.. 20. -seceentsrcees sr sseevecncas 1 902.25 
‘ geting! TGA RE Se bse eo ete OECD ioe ICRC Te Sen Cacao 16.88 
Merritt H. Smith Fund: 
‘ Income and Expense .......-.eceecseecc es crscnsncscences 90.10 
| | 510 347.76 
Cash on hand December 31, 1936.......++++++eeeree teenies __10 982.90 
_591 330.66 
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Tremizep STaTeMENT or CasH on Hanp January 1, 1936 


In Chase National Bank, 23d Street........--+++ $35 747.93 


‘In Chase National Bank, 41st Street......eee0s 500.00 
v? Petty Cash (in Hands of Secretary).....-- stelde's 5 000.00 
In Savings and Other Banks........-+-.++++e+e0 9s iis died * 


Wes\.- 
TaN 


$46 084. . 


Wy x Tremizep StaTeMENT or Caso on Hanp, DecemBer 31, 1936 
e ae “i In Chase National Bank, 23d Street......--++-++ ° $699.30 
i In Chase National Bank, 41st Street.........--- 500.00 


hast Cash a Hands of Secretary).......+-+-- 5 000.00 


m Th Savings ‘sid Other Mee 


f 
<S 
- 


) ~ 
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By ek a Ans oe ee NPE 


REPORT OF THE TREASURER OF THE AMERICAN SOCIETY OF CIVIL 
ENGINEERS FOR THE YEAR ENDING DECEMBER 31, 1936 


In compliance with the provisions of the Constitution, I have the honor 
to present the following report: 


Beoromwmand January 1, 1986.5... cis es ceveclw ese seca ecwne $46 084.55 
REcEIPTS 
From current sources, January 1 to December 31, 
; RMP erie aioe, 5 ithe Se das oe tis seen a rt $419 920.33 
Rent from 57th Street Property................2: 52 500.00 
Paverest on Investments. ........65.0.eccmevinge nes 2 825.78 475 246.11 
DISBURSEMENTS 
Payment of Bills by audited vouchers, January 1 
PERUPECOMDOIIOL, LOGB.. 252s Ssanlecls 06 dic sud canes 510 347.76 
Cash on hand December 31, 1936.......... 2.0.00. 10 982.90 


Ss ee ee ee 


$521 330.66 $521 330.66 


Respectfully submitted, 


Otis E. Hovey, 
Treasurer. 
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On ore OF CIVIL ENGINEERS 
OFFICERS FOR 19 937 | ae 3 ee 


PRESIDENT : : 
Lous Cc. HILL ns Se hey 


‘ 
{ ; ‘VICE. PRESIDENTS 
‘Term Sontres January, 1938: An Term. er 
‘ 5 : pires January, 1989: 
"EDWARD P. LUPFER L. F. BELLINGER 
HARRY W. DENNIS: ‘ ~ R. Cc, GOWDY uy 
DIRECTORS | : 
“m: Scirct January: 1988: Term expires January. 1939: Term ex : 
: ‘ pires January, 1940: 5 e 
: ODOR A; LEISEN L. L, HIDINGER ; ARTHUR W. DBAN 2% ence 
SS ‘POOLE - JAMES K. FINCO R. P. DAVIS Ree 
MORSE. poe ‘E. P;| ARNESON »/ 2. KEITH LEGARE 
RM: an STARLER RAYMOND <A, HILL, ; THOMAS: KE. STANTON, Jr. 
Cc. £. MYERS ~ WILLIAM J..SUBA 


CARLTON S.. PROCTOR © ZB. R. NEEDLES 


‘PAST. PRESIDENTS 
i ae: Members: of the Board. ~...' j See |: 
Antoun: 8. ‘TUTTLE Cer sae: DANIEL W. MEAD 


‘sECRETARY —(—i=i<“—~*~*~CSCAS SISTA SECRETARY oe 

» GEORGE T. SEABURY BIE at ES & Ce RRB ANE AC SS, ew 

Siooe THBARURER 6 cot ASSISTANT TREASURER oes 
oe e OTIS 2. HOVEY My oes Ney ah RA LPO RR SEDMERY 


VP 


COMMITTEES oF THE BOARD OF DIRECTION 


Pe pe ake eC, SEXREUTIVE | ie, 
i eit + fa tere “LOUIS CHILL) “S BE) ie Sea Ne 
iene S TUTTLE EDWARD P, LUPFER, 30 0 fk 


¥ 


ey DANIEL W.MuaD X . HS. MORSE Sy 
"HONORARY orem reed wes < 
ae LOUIS C. HILL rie gieen 
EDWARD: P, LUPFER | 
DANIEL W. MEAD | 
ARTHUR 8. TUTTLE 


‘PUBLICATIONS 
CHARLES B. BURDICK aha — 
i) _ BH, Ro NEEDLES Peed : GBA 
i - ARTHUR W. DEAN - : ia a 
_pISTRICTS AND ZONES SOE 
. THEODORE A. LEISEN 
C ARTHUR POOLE we R. P. DAVIS © i ice a ak 
H, P. ARNESON Pai aka th) CARLTON S. PROCTOR a ee 
: PRRWESSTONAD CONDUCT , 


BABEE W. DENNIS 


LF. BRLLINCER R. P. DAVIS | 
IVAN C. ‘CRAWFORD _ L, L. HIDINGER ee 


a 


- MEMBERSHIP ‘QUALIFICATION 8 


IVAN ( c. CRAWFORD : War RAYMOND A. HILL 


ey MAN ‘STABLER ‘T, KEITH LEGARE 
y at : WILLIAM J. SHEA 


COMING MEETINGS 


Boarp OF DIRECTION ‘MEETINGS 


July 19-20, 1937: 
A Quarterly Meeting will be held in Detroit, \lich. 


r 


October 4-5, 1937: 
A Quarterly Mecting will be held in. Boston, Mass, 


ANNUAL CONVENTION 
DETROIT, MICHIGAN 
duly 21, 22, 23, 24, 1937 


| FALL MEETING es So o 
BOSTON, MASSACHUSETTS _ 
. October 6, 7,8, 1937 He vs a 


‘Te Reading Room of the Society is open fepi. 9: 00 Am. to 5: 00 PM. _ every 
except Saturdays when it a. oe at 12:00 a.m. It is seas a i aay on 8 
ie eae ber: 


bine particularly. those tion tit of Tee are cordially ele to use o thi 

-on their visits to New York, to have their mail addressed there,” ‘and 4 
it as a place for meeting others, There is an ample file of current ne ic 
the latest: tochigiost Pooks, a bane room is well, Castes witl 


